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Abstract 
Concrete-filled double skin steel tube (CFDST) is a creative innovation of steel-concrete 
composite construction, formed by two concentric steel tubes separated by a concrete filler. 
Over the recent years, they have been widely used as a new sustainable alternative to existing 
structural bridge piers and building columns. These load-bearing components are likely to 
suffer from various accidental or intentional lateral impacts such as those caused by collision 
of vehicles, vessels or flying debris from a nearby explosion. Increased industrialisation and 
terroristic attacks have escalated the risk of damages that can be very costly to repair or can 
cause a structure to collapse with the associated risk of human injury or fatality. Therefore, it 
is necessary to design these members to withstand such impulsive loads. However, there is a 
paucity of literature on the response of CFDST members when used as structural columns 
subjected to a combination of lateral impact and axial load induced by the live and dead loads 
of building slabs or bridge decks.  
In this research, experimental tests and advanced computer simulations were conducted on 
axially pre-loaded CFDST columns (including highway bridge piers and building columns) 
with a twofold purpose: (i) To investigate their response under lateral impact loading and, (ii) 
To generate information on the effects of the controlling parameters. This information can be 
used to develop conceptual design guidelines for this column type when used as key structural 
elements and to provide a basis for development of simple analysis methods. 
A new experimental method was developed employing an innovative, repeatable, compact and 
cost effective instrumented horizontal impact testing system (HITS). The HITS allowed 
application of the dynamic lateral load, reasonably maintained the axial load despite the axial 
shortening of the column during impact and greatly assisted in collection of key data required 
for evaluation of the failure mechanism and fundamental response parameters of such columns. 
Eight full scale impact tests were conducted on axially pre-loaded CFDST specimens. The 
kinematics of the impacting body and the dynamic response of the columns were measured and 
recorded using high-speed data acquisition system. The impact process was also captured by a 
high-speed video recording. An investigation was carried out after impact tests to examine the 
failure mode of individual components of the CFDSTs. Additionally, tests were conducted on 
the undamaged and damaged specimens to examine their dynamic characteristics before and 
after impact. The experimental testings were supplemented by developing an advanced finite 
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element model to simulate the lateral impact tests, using explicit dynamic non-linear finite 
element code, LS-DYNA (version 971). The model was validated against the experimental 
results and used as a viable tool to expand the investigation into the lateral impact behaviour 
of CFDST columns without having to conduct further expensive and time-consuming tests. A 
parametric sensitivity analysis was performed using the validated finite element model to 
develop an in-depth understanding of the effects of various load-related and structure-related 
parameters on the impact response of axially pre-loaded CFDST columns. Moreover, a 
comparative analysis was conducted using the validated model to examine the performance of 
the CFDST column versus its equivalent traditional concrete-filled steel tube (CFST) column 
under similar lateral impact loading. 
The results of experimental and numerical analyses revealed that under lateral impact, CFDST 
columns undergo both global and local buckling. It was observed that concrete dented at the 
impact point and cracks formed around the impact zones. The integrity of concrete in other 
areas was fairly good due to an effective confinement provided by the outer and inner steel 
tubes. Additionally, the results showed that axial load has an appreciable effect on the lateral 
impact response of such columns. The analyses also showed that the impact force-time history 
consists of four phases: initial peak phase, vibration phase, plateau phase, and unloading phase. 
The reaction force changes direction throughout an impact event due to inertial effect. For a 
credible impact event, the most important load-related parameters that influence the impact 
response of a CFDST column include the initial impact velocity, impact location, and ratio of 
impactor mass to the column mass. The most significant structure-related parameters are the 
outer tube diameter-to-thickness ratio, slenderness ratio, and hollowness ratio. Under similar 
loading conditions, CFDST column has better impact performance compared to its equivalent 
CFST.  
The findings of this experimental-numerical research offer significant new information on 
performance of axially pre-loaded CFDST columns subjected to lateral impact loading which 
can be used to develop design guidelines and help protect lives and properties against the risk 
of impulsive lateral loads resulting from incidents such as collision of vehicles and vessels 
occurred accidentally or intentionally. 
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Chapter 1: Introduction 
 
1.1 Background 
Composite steel-concrete construction has become a widespread solution in modern 
construction. It ideally combines the advantages of both steel and concrete, namely fast 
construction, high strength and light weight of steel together with inherent mass, stiffness, 
damping and economy of concrete. A creative innovation of composite steel-concrete 
construction is the concrete-filled double skin steel tube (CFDST), which is formed by two 
concentric steel tubes separated by a concrete filler. Figure 1-1 shows two common profiles of 
the CFDST sections which are known as circular and square CFDSTs. Circular CFDST uses 
circular hollow section (CHS) as inner and outer tubes. Square CFDST uses square hollow 
section (SHS) as inner and outer tubes. Other possible profiles are CFDST with CHS as the 
outer tube and SHS as the inner tube and CFDST with SHS as the outer tube and CHS as the 
inner tube. 
Figure 1-1: Common CFDST cross-section configurations 
CFDST optimally combines the benefits of traditional concrete-filled steel tube (CFST; see 
Figure 1-2), and a sandwich form resulting in higher section modulus, higher bending stiffness, 
enhanced stability under external pressure, better damping characteristics, and improved cyclic 
performance (Han, Tao, Huang, & Zhao, 2004; Tao, Han, & Zhao, 2003; Tao & Yu, 2006). 
Additionally, CFDST has better fire performance compared to CFST due to the inner steel tube 
being protected by concrete as a low thermal conductive material during fire (Lu, Zhao, & Han, 
2007). The central cavity of the section not only allows to concentrate materials where needed 
Outer steel tube 
Inner steel tube 
Sandwiched 
concrete 
Circular CFDST 
(CHS+CHS) 
Square CFDST 
(SHS+SHS) 
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for optimal performance, it also provides spaces for facilities such as power cables, drainage 
pipes and telecommunication lines where needed. The presence of concrete core in a CFDST 
can effectively restrain and delay local buckling of the steel tubes. The tubes act as longitudinal 
reinforcement, provide a confining effect for the concrete and control the damage to the 
concrete. The synergy between the tubes and concrete core results in a more redundant section 
which completely fails only when all three layers of materials fail. These members are 
economical and quicker to construct when compared to conventional reinforced concrete (RC) 
members as the tubes serve as the permanent form work. A CFDST member requires a smaller 
cross-sectional area, hence less self-weight, to achieve the same axial or bending capacity 
compared to a RC member. Additionally, isolation of concrete core by the tubes, reduces 
concrete maintenance requirements.  
Figure 1-2: Common CFST cross-section configurations 
CFDSTs were first introduced as a new form of construction for deep-water vessels to resist 
external pressure (Montague, 1975). They have long been used as legs of offshore platforms 
(Wei, Mau, Vipulanandan, & Mantrala, 1995) to mitigate stability concerns in hollow steel 
tubes. Over the recent years, CFDSTs have been widely used as a new sustainable alternative 
to existing structural bridge piers and building columns (Cao & Wang, 2014; Yagishita, Kitoh, 
Sugimoto, Tanihira, & Sonoda, 2000; Zhang et al., 2015) due to their outstanding 
characteristics that favour their use as load-bearing structural components. They have also been 
used as transmission towers (Li, Han, & Zhao, 2012) where they provide savings in material 
and construction costs. 
Predominant usage of CFDSTs in civil infrastructure makes them susceptible to lateral impacts. 
During the whole life cycle and due to a direct exposure, the CFDSTs which are used as bridge 
piers, columns at the frontage of buildings or in car parks may inevitably suffer from various 
Outer steel tube 
Sandwiched 
concrete 
Circular CFST  Square CFST  
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accidental or intentional lateral impacts such as those from collision of vehicles, vessels, barges 
or flying debris from a nearby explosion. According to the British Department for Transport 
(2012) bridge strikes, collision of vehicles with bridges, continue to be a significant and 
recurring problem. They reported 1500 strikes at bridges over roads between April 2011 and 
March 2012. Bridges in New York State alone experience close to 200 strikes by vehicles a 
year. Figure 1-3 reflects the reality of the increase in ship collision with bridges over the years. 
Schmidt (2011) reported that 42% of these collisions were with the bridge piers. Increased 
industrialisation and terroristic attacks, as shown in Figure 1-4, have escalated the risk of lateral 
impacts to the columns including building columns and bridge piers. Such impacts may cause 
serious damage that can be very costly to repair or at worst can cause a structure to collapse 
with the associated risk of human injury or fatality. According to US Department of Transport 
(2014), the third leading cause of bridge failure or collapse is collision damage when a vehicle 
or a vessel hits a bridge. An example of such incident is the crash of a truck-tractor-trailer into 
a bridge pier on IH-45 near Corsicana, Texas in 2002 (Buth et al., 2010), leading to the collapse 
of the bridge. In 2007, a cargo vessel ploughed into the Jiujiang bridge in Guangdong, China. 
Two side spans of the bridge collapsed and nine people lost their lives in the accident (Fan, 
Yuan, Yang, & Fan, 2010). 
Figure 1-3: Temporal distribution of worldwide number of ship collision to bridges which 
resulted in bridge failure (Schmidt, 2011) 
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Figure 1-4: Number of terrorist incidents over the years (GTD, 2014) 
It is therefore necessary to design such members to possess adequate capacities to withstand 
credible accidental or deliberate impact loads. Understanding the impact behaviour of such 
members will provide the basis for developing rational design procedures which ensure the 
safety of the member and the structure as a whole. There is, however, a paucity of literature on 
the lateral impact response of CFDST columns subjected to lateral impact loading which 
motivated this research. 
1.2 Research Problem 
Several studies have been conducted to investigate the strength of CFDSTs under axial and 
bending loads and their ability to dissipate energy under cyclic loads (Elchalakani, Zhao, & 
Grzebieta, 2002; Han, Huang, Tao, & Zhao, 2006; Han et al., 2004; Nakanishi, Kitada, & 
Nakai, 1999; Tao, Han, & Zhao, 2004; Wei et al., 1995). However, very few studies have been 
conducted to investigate their lateral impact performance. These studies are limited in scope 
and their conclusions are preliminary. They lack experimental insight into the response of 
CFDST members when used as structural columns subjected to a combination of lateral impact 
and axial load induced by live and dead loads of building slabs or bridge decks. Additionally, 
from a thorough literature search, no reference was found on the use of a validated finite 
element model to simulate the lateral impact performance of axially pre-loaded CFDST 
columns. The lateral impact load has been traditionally considered at the mid-span, even though 
it is not the most likely place for an impact to occur. For example, for a column located at the 
frontage of buildings, an impact (such as vehicular impact) is more likely to occur closer to the 
ground level. The influence of various structural and load-related parameters has also not been 
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investigated. A study on the comparative performance of CFDST and CFST columns under 
lateral impact loading is also lacking. Finally, the absence of comprehensive understanding of 
the performance of CFDST columns subjected lateral impact loading resulted in having no 
design guideline at present. 
Therefore, it is necessary to establish a systematic research program to examine the structural 
response of CFDST columns to impact loading, characterize their potential to mitigate the risks 
from impulsive loading and generate information on the effects of controlling parameters 
through an experimental study and a parametric study using a validated numerical model, 
which can adequately replicate and predict the impact response of such columns. A 
comparative study on the lateral impact performance of CFDST and CFST columns is also 
needed to help designers choose an appropriate column type when it is exposed to a credible 
lateral impact. 
1.3 Aims and Objectives  
The main aim of the present thesis is to study the response of axially pre-loaded CFDST 
columns (including highway bridge piers and building columns) to lateral impact loading and 
generate information on the effects of the controlling parameters. This information can be used 
to develop conceptual design guidelines for this column type when used as key structural 
elements. It can also be used to develop equations and simple analysis methods. The enabling 
objectives of this research are outlined as follows: 
x To develop an experimental method for conducting impact tests on axially pre-loaded 
CFDST columns which allows collection of key data on their fundamental behaviour; 
x To perform a series of experimental testings on CFDST columns subjected to lateral 
impact; 
x To establish an advanced finite element model capable of replicating and predicting the 
response of CFDST columns under impact loading; 
x To validate the model using the experimental data; 
x To investigate the influence of various structural and load-related parameters on the 
overall behaviour of the columns and determine the key controlling parameters through 
a parametric sensitivity analysis;  
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x To carry out a comparative study on the performance of CFDST and its equivalent 
CFST columns under the same lateral impact conditions; and 
x To generate database to facilitate development of design guidelines, equations and 
simple analysis methods. 
1.4 Research Questions 
In order to achieve the aim of this research, the following questions are posed:  
x How should an experimental method be designed to study the lateral impact behaviour 
of axially pre-loaded CFDST columns and collect key data on their fundamental 
behaviour? 
x What are the appropriate numerical techniques which should be employed to be able to 
create a robust and efficient finite element model that can accurately simulate and 
predict the lateral impact response of axially pre-loaded CFDST columns? 
x What should be the key load and structure-related parameters and what should be the 
response parameters? 
x How does the lateral impact performance of an axially pre-loaded CFDST column 
compare with that of equivalent CFST column?  
x Can the information generated through this research be analysed and the outcome be 
presented through sensitivity graphs? 
1.5 Scope and Limits 
The scope of the work presented in this thesis includes the experimental and numerical 
investigation on lateral impact response of CFDSTs when used as highway bridge piers and 
building columns. It is assumed that protective barriers are either not available or have failed. 
The response of the columns that are classified as slender (i.e., the columns that have 
slenderness ratio of greater than 22) is only studied. It is also assumed that the columns consist 
of compact mild steel hollow sections and filled with normal-density concrete with standard 
compressive strength, which commonly used in industry. Loads are limited to concentric axial 
load and vehicle/vessel lateral impact. Only a hard impact which leads to a possible upper 
bound impact response and hence a conservative design is considered.  
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1.6 Methodology 
This research program was carried out through experimental testing which was complemented 
and supplemented by numerical simulations using an advanced finite element program. The 
research methods to achieve the objectives were informed by a comprehensive review of the 
available literature, and are summarised as follows: 
To conduct the experiments, it was necessary to initially design the specimens and the test 
matrix and develop an experimental procedure employing an innovative instrumented 
horizontal impact testing system to allow appropriate applications of axial and lateral impact 
loads and collect the key data required for evaluation of the failure mechanism and response of 
the columns. Due to inherent similarities between CFDST and CFST members, the response 
of CFST columns to lateral impact was numerically simulated using explicit dynamic non-
linear finite element software, LS-DYNA (version 971). The model was then validated by 
comparison with experimental data from literature. Upon the successful validation, the verified 
numerical techniques were used to simulate the response of CFDST columns subjected to 
lateral impact using the same software. This preliminary CFDST model was then employed to 
find the most suitable dimensions and material properties of the specimens given the research 
scope, experimental environments and imposed constraints. The model was also employed to 
determine the required measuring range of instruments and some features of the impact testing 
system. Moreover, the model was used to design the axial load application mechanism in the 
tests at the preliminary stage.  
In the next step, the specimens were fabricated. Standard material testings were performed to 
obtain the actual properties of steel and concrete used in constructing the CFDST specimens. 
These properties were later used to calibrate the numerical model.  
The experimental program was carried out indoors using the horizontal impact testing system. 
During the tests, the kinematics of the impacting body and the dynamic response of the CFDST 
columns were measured using a number of instrumentation methods and recorded using a high-
speed data acquisition system. The impact process was also captured by high-speed video 
recording. After the impact tests, investigations were carried out to examine the permanent 
failure mode of the columns and their individual components (i.e., inner steel tube, outer steel 
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tube and concrete). Additionally, tests were conducted on the undamaged and damaged 
specimens to examine their dynamic characteristics before and after the impact. 
Subsequently, the finite element model of the CFDST columns that was developed to simulate 
the lateral impact tests was validated against experimental results in order to ensure that it is 
accurate and a credible representation of the system’s behaviour. The validated model provided 
the necessary tool to expand the investigation into the lateral impact behaviour of CFDST 
columns without having to conduct expensive and time-consuming tests.  
Utilising the validated finite element model of CFDST columns subjected to lateral impact, a 
parametric sensitivity analysis was performed to develop an in-depth understanding of the 
effects of various load and structure-related parameters and determine the sensitivity of the 
column behaviour to such parameters. The results provided valuable information that can be 
used to develop the required design guidelines. These results also provided a basis for 
development of simple analysis methods so that complicated numerical analysis may be 
dispensed within a practical design procedure.  
Finally, the performances of the CFDST column and its equivalent CFST column were 
compared when they were subjected to similar lateral impact loading using the validated 
models of CFDST and CFST columns. The results will help designers choose an appropriate 
column type when it is exposed to a credible lateral impact. 
1.7 Significance and Innovation of the Research 
CFDST columns are being increasingly used as highway bridge piers and building columns as 
discussed earlier. These columns may be vulnerable to accidental and/or deliberate 
vehicle/vessel impacts. This can cause columns failure and can also lead to structure failure 
with adverse consequences. It is hence necessary to understand the behaviour of such columns 
under lateral impact loading and design them to withstand such impulsive loads. Towards this 
end, this thesis has developed significant and comprehensive experimental cum numerical 
information on the behaviour of axially pre-loaded concrete-filled double skin tube columns 
subjected to lateral impact loading. This information can be used to provide guidelines for safer 
designs of CFDST columns exposed to credible impacts caused by collision of vehicles and 
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vessels. This will prevent their failure and help protect lives and properties against the 
subsequent adverse effects of such impulsive lateral loads on these members. 
A new experimental procedure was developed employing an innovative impact testing system 
to determine the impact behaviour of the CFDST columns. Successful completion of the tests 
demonstrated that the proposed testing system can greatly assist in testing structural columns 
under the combination of axial pre-loading and impact loading and collect data on their 
fundamental behaviour.  
An advanced finite element model of CFDST columns subjected to lateral impact was 
developed which was shown to be valid, with excellent correlation with the experimental 
results. This validated model can be used as a viable tool in analysing or designing the CFDST 
columns under lateral impact loading. 
This research also provides new information on the influence of important structural and load-
related variables on the key response parameters of CFDST columns. This information can be 
used to develop guidelines for the safe designs of such columns. It will also provide the basis 
for development of simple analysis methods so that complicated numerical analysis may be 
dispensed within practical design procedure. Additionally, results of the comparative study on 
the impact response of the CFDST and CFST columns provide new information which can 
assist designers in choosing an appropriate column type. 
1.8 Thesis Outline 
The thesis comprises eight chapters as follows: 
Chapter 1 presents the background, problem statement, aims and objectives, scope, 
methodology, significance, innovation as well as the thesis outline. 
Chapter 2 provides a comprehensive review of the relevant literature. It reviews basic 
characteristics of impact loading and its effects on structural behaviour. It also summaries the 
findings of several past studies on the response of the two primary types of steel-concrete 
composite columns, namely concrete-encased structural steel and concrete-filled steel tube 
columns, subjected to extreme loads (i.e., impact and blast). These findings establish a 
foundation for understanding the lateral impact behaviour of the steel-concrete-steel composite 
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(i.e., CFDST) columns. This chapter also overviews the state of art on the static and dynamic 
behaviours of CFDST members, and latest techniques in conducting lateral impact tests on 
axially loaded members under laboratory conditions, their benefits and shortcomings. This 
critical review elucidates the current knowledge related to the author’s research topic and 
identify and highlight the gaps in the literature. 
Chapter 3 details the characteristics of CFDST specimens in the impact test matrix as well as 
the procedure employed to fabricate them and measure their material properties. Furthermore, 
it describes the details of the experimental method developed employing an in-house designed 
and constructed innovative instrumented horizontal impact testing system to apply static axial 
load and dynamic lateral impact load on the columns and collect the key data required to 
examine the failure mechanism and the fundamental behaviour of CFDST columns. 
Additionally, this chapter explains in detail how the raw data from the sensors were processed 
to obtain the results, required to analyse the behaviour of the columns and calibrate the 
numerical model. It also describes the procedure employed to conduct tests to investigate the 
columns’ dynamic characteristics under the varied conditions and presents the results and their 
analysis. 
Chapter 4 is focused on the experimental impact testing of the axially pre-loaded CFDST 
columns. It presents the results emanating from the impact tests and provides a thorough 
analysis of them.  
Chapter 5 explains the details of finite element model developed to simulate the lateral impact 
tests conducted on axially pre-loaded CFDST columns. It compares and discusses the results 
obtained from finite element analysis and those from experiments to assess the validity of the 
numerical model. 
Chapter 6 presents and discusses the results of the parametric sensitivity study performed using 
a validated reference finite element model.  The effects of several load and structure-related 
parameters on the lateral impact response of axially loaded CFDST columns are examined and 
the key controlling parameters are identified.   
Chapter 7 presents the study carried out to compare the performances of the CFDST column 
and its equivalent CFST column under similar lateral impact loading. It initially describes in 
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detail the development of a finite element model of the CFST column under lateral impact. It 
then compares the numerical results with those from experimental results available in literature 
to validate this model. Subsequently, it presents and discusses the outcomes of the comparative 
study carried out using the validated finite element models of the CFST and CFDST. 
Chapter 8 summarises the main findings and conclusions of this thesis and highlights the 
research contributions. Recommendations for future work are also presented. 
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2.1 Introduction 
This chapter reviews (i) basic characteristics of impact loading and its effects on structural 
behaviour, (ii) background studies on performance of two primary types of steel-concrete 
composite columns, namely concrete-encased structural steel and concrete-filled steel tube 
columns subjected to extreme loads (i.e., blast and impact loads), (iii) the state of art on the 
static and dynamic behaviour of steel-concrete-steel composite (i.e., CFDST) members, and 
(iv) latest techniques in conducting lateral impact tests on axially loaded members, their 
benefits and shortcomings. These critical reviews of the literature elucidate the current 
knowledge related to the author’s research topic and identify and highlight the gaps in the 
literature. 
2.2 Characteristics of Impact Loading and Its Effects on Structural System Behaviour 
Impact loads on structures arise over a very broad range of circumstances, from missiles or 
aircraft impact to ship or vehicle collision. Commonly, impact load is characterised by its very 
short duration and very large magnitude, which is tens of times larger than other loads in the 
design life of the structure (Watson, 2001). The peaks of stress and displacement are critical 
for the structures’ survival and subsequent structural vibrations will only be of concern if the 
loads are repetitive. Figure 2-1a and Figure 2-1b depict the force-time histories for a Ford F800 
single unit truck striking into a reinforced concrete bridge pier and a 181-tonne barge crashing 
into a reinforced concrete bridge pier, respectively. As seen from these figures, the impact 
force-time histories involve high magnitude initial spikes which fade over time. Additionally, 
the impact duration is very short. It is less than 0.20 sec in the truck collision with the pier 
event and less than 0.45 sec in the barge collision with the pier event. 
Table 2-1 presents different categories of loading conditions with respect to the ratio of load 
duration (tl) to characteristic response time (Ts). The impact loading is categorised as impulsive 
with tl/Ts ranging from ¼ to 10-6. Impact loads differ from blast loads, also characterised as 
impulsive loads, in terms of duration. Blast loads usually have shorter duration. Additionally, 
the impact loads are caused by the force resulting from the collision between a moving object 
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and a structure and applied to a localised area and can only spread into the structure from the 
application point. This is in contrast to the blast loads which propagate as wave front pressures 
and quickly engulf entire surface of the structure. 
 
(a) A Ford F800 single unit truck striking into a reinforced concrete bridge pier 
(El-Tawil, Severino, & Fonseca, 2005) 
 
(b) A 181-tonne barge striking into a reinforced concrete bridge pier (Sha & Hao, 2013) 
Figure 2-1: Typical impact force-time histories 
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Table 2-1: Load categories (Watson, 2001) 
tl/Ts Load category Type of loading 
>4 Quasi-static Conventional 
4-1/4 Quasi-impact Transient 
1/4-10-6 Impulsive Blast/impact 
<10-6 Shock High energy explosives 
The impact loads can be classified as either hard or soft, depending upon the relative 
characteristics of the impactor and the structure being impacted. If the impactor has lower 
dynamic yield and deforms significantly compared to a hard structure with a portion of 
impactor’s kinetic energy absorbed by plastic deformation, the impact is classified as soft. On 
the other hand, if the striking object is rigid and the kinetic energy of the striker is transmitted 
to the target and absorbed by deformation and damage in the structure, the impact is classified 
as hard (Mendis & Ngo, 2007). 
In general, the behaviour of a system consisting of the structure and an impactor primarily 
depends on their masses and rigidities, initial impact velocity, sizes and shapes of contact 
surfaces, properties of structural members and support conditions (Kappos, 2001). At high rates 
of loading such as those generated in an impact event, the response of structures is influenced 
by propagation of stress waves and motion-generated inertia forces. The dynamic response of 
a structure to impact loading can be analysed in terms of a local response in the direct vicinity 
of the applied load and an overall response of the structure. 
Rapid application of impact pressure on the surface at the contact area generates strain waves 
which transfer the local dynamic surface deformations into overall structural deformations. The 
transient stress state analysis is necessary when the applied pressure changes more quickly than 
the time taken from strain waves to travel between the structure’s boundaries and establish an 
equilibrium state between overall structural resistance and applied pressure effects. During this 
transition period the transient strain and stress conditions may produce local failure that are 
decoupled and of different shape from the failure that can occur due to overall structural 
deformations. 
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The strain waves propagate throughout the material at inherent characteristic velocity of the 
material and transfer momentum into the structure by dynamic displacements of the boundary 
surface. The rates of strain and stress produced locally in the material are orders of magnitude 
greater than those produced in the overall structural deformation, which are in turn orders of 
magnitude higher than those under slowly applied loading. Figure 2-2 presents approximate 
ranges of the expected strain rates for different loading conditions. The ordinary static strain 
rate is in the range of 10-6 sec-1 to 10-5 sec-1, while impact loads are normally associated with 
strain rates in the range of 100 sec-1 to 102 sec-1.  
Figure 2-2: Strain rates associated with different types of loading (De Silva, 2005) 
The high strain rate would alter the dynamic mechanical properties of the target structure and 
hence its expected damage mechanisms.  
2.3 Steel-Concrete Composite Members Subjected to Extreme Loads  
Steel-concrete composite members are used extensively as structural columns in modern 
constructions. Two primary types of these columns are concrete-encased structural steel and 
concrete-filled steel tube columns.  
Concrete-encased structural steel columns consist of a structural steel core encased in concrete 
with additional longitudinal reinforcing steel and lateral ties, as shown in Figure 2-3. They are 
mainly used as columns in seismic-resistant structures. Under severe flexural overload, 
concrete encasement cracks resulting in reduction of stiffness; however, the steel core provides 
shear capacity and ductile resistance to subsequent cycles of overload (Shanmugam & 
Lakshmi, 2001). They have greater ductility and a more compact section compared to 
reinforced concrete (RC) columns and provide higher buckling resistance, higher stiffness, and 
greater damping compared to the structural steel columns. However, the cost of a concrete-
encased structural steel column per unit area is the highest of all structural systems and the 
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arrangement of steel and reinforcements, especially in the beam-to-column connection is very 
complex (Morino, 1998; Shanmugam & Lakshmi, 2001).  
Figure 2-3: Typical profiles of concrete-encased steel composite section 
Concrete-filled steel tubes are used increasingly as columns in multi-storey and high-rise 
buildings, bridges piers, and legs of offshore structures due to their enhanced compressive and 
flexural capacities, improved ductility and high speed of construction due to the omission of 
framework and reinforcing bars compared to the reinforced concrete structures (Deng, Tuan, 
& Xiao, 2011; Elchalakani, Zhao, & Grzebieta, 2001; Liew & Xiong, 2009; Shanmugam & 
Lakshmi, 2001; Zeghiche & Chaoui, 2005). 
Recently, a number of studies have been carried out to investigate the response of these two 
common types of steel-concrete composite members, primarily CFSTs, subjected to extreme 
loads such as impact and blast and characterise their dynamic behaviour which are necessary 
to develop practical design guidelines for their construction in resisting extreme loadings. 
These investigations have provided a foundation for understanding the lateral impact behaviour 
of concrete-filled double skin steel tube structures. The following subsections review the 
studies that have been carried out to assess the performance of concrete-encased structural steel 
and CFST members subjected to extreme loads, particularly impact loading. 
2.3.1 Concrete-encased structural steel members subjected to extreme loads  
Whilst to the best of authors knowledge there is no readily available literature assessing the 
lateral impact behaviour of concrete-encased structural steel members, Jayasooriya (2010) 
investigated numerically the dynamic response of this column form subjected to near field 
blast, using finite element code LS-DYNA. He showed that during such impulsive load 
application, concrete encasement undergoes extensive damage resulting in a rapid transfer of 
Longitudinal bar 
Hoop 
Structural steel 
Concrete 
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the gravity loads to the structural steel core. The steel core enhances the structural capacity of 
the column and provides gravity load carrying capacity in post-blast serviceability state and 
hence protects the structure against catastrophic failure. Additionally, the results indicated 
superior performance of the concrete-encased structural steel column compared to that of the 
equivalent RC column. 
2.3.2 Concrete-filled steel tube members subjected to extreme loads 
Bambach, Jama, Zhao, and Grzebieta (2008) investigated the structural behaviour of fully 
clamped square CFST beams under lateral impact at the mid-span in an instrumented drop-
weight facility with a rigid rectangular flat-headed indenter. The CFST specimens consisted of 
compact or non-compact cold-formed and seam-welded mild steel SHSs, classified according 
to the section slenderness (AS4100, 1998), filled by normal-density concrete with an average 
compressive strength of 88.4 MPa. The results of the investigation revealed that concrete filling 
precludes the formation of local deformations underneath the impactor, and provides much 
higher moment capacity coupled with a significantly decreased lateral deflection in non-
compact sections. However, these effects were shown to be less pronounced for compact 
sections. Bambach (2011) extended the investigation to cold-formed and seam-welded 
stainless steel tubes of nominally identical sized as the mild tubes used in the previous study 
filled with normal-density concrete with an average compressive strength of 91.6 MPa. The 
investigation was performed through experimental testings under the same conditions as in the 
previous study and the finite element analysis using ABAQUS. The results showed that the 
stainless steel sections exhibit superior energy absorption capacity than the mild steel sections. 
Additionally, the results of the numerical study on influence of various boundary conditions 
showed that a fully restrained member can absorb greater energy compared to members with 
no end rotational restraint or no axial restraint. 
Remennikov, Kong, and Uy (2011) experimentally and numerically examined the lateral 
impact behaviour of simply supported unfilled SHSs as well as SHSs filled with either rigid 
polyurethane foam (RPF) or concrete of normal-density and average compressive strength of 
41 MPa. The experimental study was carried out using an instrumented drop-weight facility 
with a rigid indenter made of a steel disc. The impact occurred at mid-span of the beams. The 
numerical investigation was performed using finite element code LS-DYNA. The results 
indicated that CFSTs have the highest impact resistance and energy absorption capacity, 
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followed by steel tubes filled with RPF and then the hollow tubes. Later, Yousuf, Uy, Tao, 
Remennikov, and Liew (2013) experimentally evaluated the impact behaviour of simply 
supported square stainless steel and mild steel tube beams filled with a normal-density concrete 
of 25 MPa compressive strength.  They employed the same impact test instrument used by 
Remennikov et al. (2011).  The experimental results reflect superior impact resistance and 
energy absorption capability of concrete-filled stainless steel tubes compared to concrete-filled 
mild steel tubes. 
Deng et al. (2011) conducted tests on simply supported circular CFST’s, circular steel post-
tensioned concrete-filled tubes (PTCFSTs), and a circular steel fibre–reinforced concrete-filled 
tube (FRCFST) subjected to high strain rate drop-weight impact at mid-span. The rigid indenter 
of the impact machine was wedge-shaped. The tubes were made of seamless mild steel and 
concrete was of normal-density with compressive strength of less than 60 MPa. Compressive 
strength of concrete core was 58 MPa in CFST and PTCFST. It was 45.5 MPa in FRCFST. 
The investigation demonstrated that the use of pre-stressing strands and steel fibres 
significantly restrained tension cracks in the concrete. It also suggested that PTCFST and steel 
FRCFST have superior impact resistance compared to the regular CFST. Later, Deng and Tuan 
(2013) carried out a numerical study to further understand the mechanical response of CFST 
beams subjected to lateral impact loading. To ensure the adequacy of the finite element model 
developed using LS-DYNA, it was validated against drop-hammer impact tests reported in 
(Deng et al., 2011; Wang, 2005). The results showed a linear relationship between initial and 
absorbed energies. The absorbed energy by a ruptured CFST remains constant even when the 
initial impact energy increases. Additionally, it was found that the indenter shape does not have 
significant influence on the impact behaviour of CFST as long as the one-point loading 
condition is tenable for drop-weights. 
Han, Hou, Zhao, and Rasmussen (2014) investigated the lateral impact behaviour of mild steel 
CHS filled with self-consolidating concrete with compressive strength of 75.1 MPa. The 
experiments were conducted using drop-weight test facility with a rigid rectangular flat-headed 
indenter. Three different boundary conditions were considered in the tests: fixed-fixed support, 
fixed-pinned support, and pinned-pinned support. The drop-weight was released from a 
specified height to impact with the mid-span of the specimen. The beams deformed in a ductile 
manner and showed to have good resistance under impact load. Restraining the end rotations 
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resulted in an increase in the impact force and a decrease in the impact duration and the mid-
span deflection of the member, which demonstrates that the impact resistance of the member 
increases. Additionally, it was found that due to the materials strain rate effects and the 
influence of the inertia force, the member behaviour, including changes in force state, internal 
force distribution, and flexural capacity, was quite different compared with the static load 
condition. Based on the calibrated finite element study, a simplified model to estimate the 
dynamic increase factor for the moment capacity calculation was also proposed. 
Wang, Qian, Liew, and Zhang (2015) studied the lateral impact behaviour of ultra-lightweight 
cement composite (ULCC) filled in mild steel pipes though a combination of experimental, 
numerical and theoretical investigations. They conducted the experiments using drop-weight 
test facility with a rigid wedge-shaped indenter attached to a semi-cylindrical head. The 
specimens were simply supported and impacted at mid-span. The numerical simulation was 
performed using the non-linear finite element software LS-DYNA. The study demonstrated 
that the cement composite-filled pipe specimens have strong impact resistance. The steel pipe 
and its thickness directly influence the impact resistance and the global bending deformation. 
The cement composite core restricts effectively the indentation within a highly localized region 
around the impact point and limits the deformation of steel pipes. The theoretical study 
combined the developed load-indentation relationship and the dynamic deformation response 
of the composite pipe to approximate the impact response for the ULCC-filled steel pipe 
specimens. 
Apart from a number of studies that have been conducted to assess the lateral impact behaviour 
of CFST beams, a few studies have recently examined the lateral impact response of axially 
loaded CFST columns. Wang, Han, and Hou (2013) experimentally studied the dynamic 
performance of axially pre-loaded slender CFST columns under the drop-weight impact at mid-
span. The cold-formed compact CHSs were made of mid steel and the concrete core was of 
normal-density with compressive strength of 48.7 MPa. Fixed-sliding boundary conditions 
were applied at the ends of the specimens. The testing parameters included the axial load level, 
confinement factor, and the initial impact velocity. The experimental results showed that the 
CFST specimens with high confinement from the steel pipe exhibit high ductility, while the 
CFST specimens with low confinement indicate brittle failures under the lateral impact. 
Additionally, it was found that the axial load has a visible effect on the lateral deflections of 
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CFST members under lateral impact. An increase in the initial impact velocity led to an increase 
in the residual deflection of the columns. 
Yousuf, Uy, Tao, Remennikov, and Liew (2014) extended the investigation into performance 
of axially pre-loaded hollow and concrete-filled mild and stainless steel tube columns subjected 
to drop-weight impact at mid or quarter point of the columns. The compact steel tubes were 
fabricated from cold-formed square sections and the concrete core was of normal strength with 
compressive strength of 16 MPa. The slender specimens were simply supported at both ends. 
The compressive axial load was chosen to be 40% of the columns elastic buckling capacity. 
The results indicated that the hollow sections failed by local buckling well before the global 
failure occurred and concrete infill greatly enhanced the resistance to local buckling. Impact 
strengths of stainless steel hollow and CFST columns were 30–46% higher than those of the 
mild steel hollow and CFST columns. When the columns were tested under impact at the 
quarter-points, loads were larger and the deflection was less in comparison to mid-point tests 
where loads were smaller but the deflection was greater. 
Zhang, Wu, Wang, and Zhou (2015) numerically investigated the behaviour of CFST columns 
subjected to blast loading using LS-DYNA. They assumed that the slender CFSTs were made 
of compact mild steel hollow sections filled with normal-density concrete of 37.9 MPa 
compressive strength. They also assumed the axial load level to be 0%, 20% and 40% of 
ultimate capacity of CFSTs. Based on the numerical results, they found that when a CFST 
column is subjected to blast loading, majority of the energy is absorbed by global deformation 
due to the fact that local deformation of steel can be effectively prevented by the infilled 
concrete. Their results indicated that the ductility of a circular CFST specimen reduces 
significantly with the increase in the applied axial load; however, the flexural load capacity 
does not always increase with the increase in the applied axial load. 
Aghdamy, Thambiratnam, Dhanasekar, and Saiedi (2015) conducted a numerical study to 
examine the effects of various structural and load-related parameters on the impact response of 
axially pre-loaded CFST columns and identify the key controlling factors. They developed a 
finite element model using finite element software LS-DYNA and validated it by comparing 
the results with experimental data reported in the relevant literature (Wang et al., 2013; Yousuf, 
Uy, Remennikov, & Tao, 2011; Yousuf et al., 2014) . The input load parameters included the 
impact mass, initial impact velocity, impact location, impact contact area, and axial load level. 
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The input structural parameters were concrete compressive strength, tube thickness-to-
diameter ratio, slenderness ratio and CFST column sectional configurations. The results 
revealed that the initial peak force was most sensitive to variation of the tube thickness-to-
diameter ratio followed by the impact velocity and contact area. While the sensitivity of initial 
peak force to changes in concrete compressive strength was noticeable, the sensitivity to 
changes in impactor’s mass, impact location, axial load level, slenderness ratio, and column 
sectional configurations was negligible. The impact duration showed high sensitivity to 
changes in slenderness ratio, thickness-to-diameter ratio, impact velocity, and impactor mass. 
Whilst the sensitivity of impact duration to the variation of impact location was obvious, it was 
less noticeable with respect to variation of impact contact area, axial load level, concrete 
compressive strength, and column sectional configurations. It was also found that the column 
maximum deflection was greatly sensitive to variations in impact velocity followed by 
thickness-to-diameter ratio, slenderness ratio, and impactor mass. The sensitivity of maximum 
deflection to the variation of impact location and column sectional configuration was 
considerable. However, the sensitivity to variations in concrete compressive strength, impact 
contact area, and axial load level was found to be not significant. The column residual 
deflection was to a high extent sensitive to variation of impact velocity followed by impactor 
mass, thickness-to-diameter ratio, and slenderness ratio. Whilst the maximum deflection was 
noticeably sensitive to variation of impact location and column sectional configuration, it was 
less sensitive to variations in concrete compressive strength, impact contact area, and axial load 
level. It was generally concluded that major parameters influencing the impact response of the 
column are the steel tube thickness-to-diameter ratio, the slenderness ratio, and the impact 
velocity.   
2.4 CFDST Columns Subjected to Quasi-Static Loading  
Several experimental and numerical studies have been conducted on the CFDST stub columns 
(i.e., stub members under concentric axial compressive load), slender columns (i.e., slender 
members under concentric axial compressive load) and beam-columns (i.e., members under 
eccentric axial compressive load or members under combined bending and axial compressive 
loads) to assess their behaviour under static loads, where the columns were made of steel tubes 
of different profiles (i.e., CHC+CHS, RHS+RHS, CHS+RHS, and RHS+CHS) (Elchalakani, 
Zhao, & Grzebieta, 2002; Han, Tao, Huang, & Zhao, 2004; Tao, Han, & Zhao, 2004; Wei, 
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Mau, Vipulanandan, & Mantrala, 1995; Zhao & Grzebieta, 2002). The results of these studies 
revealed that an increased ductility and strength can be obtained using double skin tubes owing 
to the “composite action” between steel tubes and sandwiched concrete. It was also found that 
the outer tube behaves like a tube fully filled with concrete, whereas the inner tube behaves 
like an empty one. For a stub column, the typical failure mode of the outer tube was reported 
as an outward folding failure mechanism, while the failure mode of the inner tube was reported 
as an inward folding mechanism. The typical failure mode of slender columns and beam-
columns was stated to be global buckling failure. Figure 2-4 and Figure 2-5 show the typical 
failure mode of a circular stub column and a circular beam-column under axial compression, 
respectively. 
(a) Outer tube failure 
(a) Concrete core failure 
 (c) Inner tube failure 
Figure 2-4: Typical failure mode of a circular CFDST stub column (Tao et al., 2004) 
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Figure 2-5: Typical failure mode of a circular CFDST beam-column (Tao et al., 2004) 
The results of experimental studies by Han et al. (2004) and Tao et al. (2004) on slender CFDST 
columns and CFDST beam-columns showed that the axial capacity of these columns depend 
on slenderness ratio, as defined in Equation 2-1. An increase in slenderness ratio causes a 
decrease in axial capacity of a CFDST column.  
𝜆 = 𝐿𝑖                                                                                                                          Equation 2-1 
In Equation 2-1, L is the effective length of a column and i is the section radius of gyration, 
expressed as 𝑖 = √𝐼𝑠𝑐/𝐴𝑠𝑐𝑜  where Isc and Asco are the moment of inertia and area of CFDST 
composite cross-section, respectively. Additionally, their tests’ results on CFDST stub columns 
revealed that confinement factor, ξ, and the hollowness ratio, χ, as defined in Equation 2-2 and 
Equation 2-3, respectively, are two key parameters affecting the behaviour of CFDST columns. 
A higher confinement factor results in higher compression strength and ductility of CFDST 
columns. Moreover, the hollowness ratio of more than 0.8 reduces the ductility of CFDST 
column. They suggested to select a χ value of 0.75 or smaller in designing a CFDST column.  
𝜉 = 𝐴𝑠𝑜.𝑓𝑦𝑜𝐴𝑛,𝑛𝑜𝑚𝑖𝑛𝑎𝑙.𝑓𝑐′                                                                                                        Equation 2-2 
𝜒 = {
𝐷𝑖
𝐷𝑜−2𝑡𝑜
,  𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝐶𝐹𝐷𝑆𝑇
𝐵𝑖
𝐵𝑜−2𝑡𝑜
,  𝑆𝑞𝑢𝑎𝑟𝑒 𝐶𝐹𝐷𝑆𝑇
                                                                             Equation 2-3 
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In Equation 2-2, Aso, fyo, Ac,nominal and f’c are the cross-sectional area of the outer steel tube, 
yield strength of the outer steel tube, nominal cross-sectional area of the concrete, which is 
equal to the hollow area inside the outer steel tube, and the compressive strength of the 
concrete, respectively. In Equation 2-3, Di, Do, to, Bi and Bo are the outside diameter of the inner 
circular steel tube, outside diameter of the outer circular steel tube, wall thickness of the outer 
steel hollow section, outside width of the inner square steel tube, and the outside width of the 
outer square steel tube, respectively. Tao et al. (2004) reported that in the experiments a greater 
gain in ductility of the CFDST column and a less local buckling of the inner tube were obtained 
for sections with smaller Do/to and Di/ti, correspondingly. 
Uenaka, Kitoh, and Sonoda (2010) experimentally examined the influence of χ on the 
confinement effect of CFDST columns under concentric axial compression. The tests showed 
that the confinement effect developed in the CFDST columns improved the concrete strength 
by 5% to 30%, which was inversely proportional to χ. 
Fan, Baig, and Nie (2008) performed a series of tests on CFDST columns subjected to 
concentric compressive axial load to determine the influence of cross-sectional geometry on 
their behaviour. They found that cross-sectional geometry significantly influences the axial 
behaviour of columns. In their tests, circular columns behaved in a ductile way as compared to 
square columns.  
Tao and Yu (2006) derived design formula for CFDST columns using fibre-based model. They 
obtained the section capacity of a CFDST column (Nu) by summing the inner tube capacity 
(Ni,u) and strength (Nosu,u) contributed by the outer tube together with the concrete as expressed 
in Equation 2-4: 
𝑁𝑢 = 𝑁𝑜𝑠𝑐,𝑢 + 𝑁𝑖,𝑢                                                                                                   Equation 2-4 
where Ni,u=Asi·fyi, Asi and fyi are the cross-sectional area and yield strength of the inner steel 
tube,  respectively, and Nosc,u is determined similar to that of fully concrete-filled steel tubular 
sections as presented by Equation 2-5: 
𝑁𝑜𝑠𝑐,𝑢 = 𝑓𝑠𝑐𝑦𝐴𝑠𝑐𝑜                                                                                                     Equation 2-5 
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in which, Asco=Aso+Ac, Ac is cross-sectional areas of the sandwiched concrete, and fscy can be 
determined using Equation 2-6: 
𝑓𝑠𝑐𝑦 = {
𝐶1𝜒2𝑓𝑦𝑜 + 𝐶2(1.14 + 1.02𝜉)𝑓𝑐′,    𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝐶𝐹𝐷𝑆𝑇
𝐶1𝜒2𝑓𝑦𝑜 + 𝐶2(1.18 + 0.85𝜉)𝑓𝑐′,    𝑆𝑞𝑢𝑎𝑟𝑒 𝐶𝐹𝐷𝑆𝑇
                                  Equation 2-6 
where C1=α/(1+ α), C2=(1+αn)/(1+α), α=Aso/Ac, and αn=Aso/Ac,nominal. 
Additionally, Tao and Yu (2006) proposed to compute the member capacity of CFDST 
columns (Nu,cr) using the section capacity with a stability reduction factor, as expressed in 
Equation 2-7. 
𝑁𝑢,𝑐𝑟 = 𝜑. 𝑁𝑢                                                                                                           Equation 2-7 
where φ is the stability reduction factor and can be determined using Equation 2-8. 
𝜑 = {
1,                                                𝜆 ≤ 𝜆𝑜
𝑎𝜆2 + 𝑏𝜆 + 𝑐,                 𝜆𝑜 < 𝜆 ≤ 𝜆𝑝
𝑑(−0.23𝜒2+1)
(𝜆+35)2 ,                             𝜆 > 𝜆𝑝
                                                             Equation 2-8 
in which λ is as defined before and the parameters a, b, c, d, e, λp and λo can be calculated using 
Equation 2-9 to Equation 2-15. 
𝑎 = 1+(35+2𝜆𝑝−𝜆𝑜)𝑒(𝜆𝑝−𝜆𝑜)2                                                                                                    Equation 2-9 
𝑏 = 𝑒 − 2𝑎𝜆𝑝                                                                                                          Equation 2-10 
𝑐 = 1 − 𝑎𝜆𝑜2 − 𝑏𝜆𝑜                                                                                                Equation 2-11 
𝑑 = {
[13000 + 4657 ln(235𝑓𝑦𝑜)] (
25
𝑓𝑐′+5
)
0.3
(𝛼𝑛0.1)
0.05
,  𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝐶𝐹𝐷𝑆𝑇
[13500 + 4810 ln(235𝑓𝑦𝑜)] (
25
𝑓𝑐′+5
)
0.3
(𝛼𝑛0.1)
0.05
, 𝑆𝑞𝑢𝑎𝑟𝑒 𝐶𝐹𝐷𝑆𝑇
                Equation 2-12 
𝑒 = −𝑑(𝜆𝑝+35)3                                                                                                            Equation 2-13 
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𝜆𝑝 = {
1743/√𝑓𝑦𝑜,  (𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝐶𝐹𝐷𝑆𝑇)
1811/√𝑓𝑦𝑜,  (𝑆𝑞𝑢𝑎𝑟𝑒 𝐶𝐹𝐷𝑆𝑇)
                                                              Equation 2-14 
𝜆0 =
{
 
 𝜋/√420𝜉+550𝑓𝑠𝑐𝑦 ,  (𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝐶𝐹𝐷𝑆𝑇)
𝜋/√220𝜉+450𝑓𝑠𝑐𝑦 ,  (𝑆𝑞𝑢𝑎𝑟𝑒 𝐶𝐹𝐷𝑆𝑇)
                                                           Equation 2-15 
Tao and Yu (2006) also proposed Equation 2-16 to predict the flexural strength of CFDST, Mu: 
𝑀𝑢 = 𝛾𝑚1𝑊𝑠𝑐𝑚𝑓𝑠𝑐𝑦 + 𝛾𝑚2𝑊𝑠𝑖𝑓𝑦𝑖                                                                          Equation 2-16 
where Wscm is the section modulus of the outer steel tube and the sandwiched concrete, Wsi is 
the plastic section modulus of the inner tube and γm1 and γm2 are calculating parameters and can 
be determined using Equation 2-17 and Equation 2-18, respectively. 
𝛾𝑚1 = {
0.48 ln(𝜉 + 0.1)(−0.85𝜒2 + 0.06𝜒 + 1) + 1.1 ,                     𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝐶𝐹𝐷𝑆𝑇
0.48 ln(𝜉 + 0.1)(−0.85𝜒2 + 0.06𝜒 + 1) + 1.04 − 0.3𝜒2 , 𝑆𝑞𝑢𝑎𝑟𝑒 𝐶𝐹𝐷𝑆𝑇         Equation 2-17 
𝛾𝑚2 = {
−0.02𝜒−2.76𝑙𝑛𝜉 + 1.04𝜒−0.67,         𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝐶𝐹𝐷𝑆𝑇
−0.04𝜒−2.5𝑙𝑛𝜉 + 1.04𝜒−0.8,               𝑆𝑞𝑢𝑎𝑟𝑒 𝐶𝐹𝐷𝑆𝑇                             Equation 2-18 
To predict the member capacities of the CFDST beam-columns, Tao and Yu (2006) suggested 
the interaction equations as follows: 
𝑓(𝑥) = {
𝑁
𝜑𝑁𝑢
+ 𝑎1𝑑1 (
𝑀
𝑀𝑢
) = 1,                                𝑁𝑁𝑢 ≥ 2𝜑
3𝜂𝑜
−𝑏1 (
𝑁
𝑁𝑢
)
2
− 𝑐1 (
𝑁
𝑁𝑢
) + 1𝑑1 (
𝑀
𝑀𝑢
) = 1, 𝑁𝑁𝑢 < 2𝜑
3𝜂𝑜
                                Equation 2-19 
where a1=1-2φ2ηo, b1=(1-ξo)/(φ3ηo2), c1=2.(ξo-1)/ηo, d=1-0.4(N/NE) for circular CFDST, d=1-
0.25(N/NE) for square CFDST, NE=(π2Esc elastic Asc)/λ2 and Esc elastic is elastic modulus of CFDST 
column and can be calculated as: 
𝐸𝑠𝑐𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
𝐸𝑠(𝐴𝑠𝑜+𝐴𝑠𝑖)+𝐸𝑐𝐴𝑐
𝐴𝑠𝑐
                                                                                      Equation 2-20 
in which Es and Ec are the elastic modulus of steel and concrete, respectively. The value of ξo 
and ηo can be obtained using Equation 2-21 and Equation 2-22, respectively. 
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𝜉𝑜 = {
1 + 0.18𝜉−1.15,           𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝐶𝐹𝐷𝑆𝑇
1 + 0.14𝜉−1.3,             𝑆𝑞𝑢𝑎𝑟𝑒 𝐶𝐹𝐷𝑆𝑇                                                       Equation 2-21 
𝑓(𝑥) =
{
 
 
0.5 − 0.2445𝜉,      𝜉 ≤ 0.4
0.1 + 0.14𝜉−0.84, 𝜉 > 0.4
0.5 − 0.3175𝜉,      𝜉 ≤ 0.4
0.1 + 0.13𝜉−0.81, 𝜉 > 0.4
                                                                     Equation 2-22 
2.5 CFDST Columns Subjected to Dynamic Loading 
Apart from studies that have been conducted to understand the static behaviour of CFDSTs 
since their first introduction in 1975 (Montague, 1975), some research has also been carried 
out in last one and half decades to characterise their behaviour in dissipating energy under 
dynamic cyclic loading.  
Recently, researchers have started to investigate the behaviour of CFDST members subjected 
to extreme loads such as impact and blast due to the increasing interest in understanding the 
impulsive behaviour for CFDST members and the demand to provide practical design guides 
for CFDST constructions in resisting extreme loadings. 
The following subsections present the current knowledge on the dynamic response of CFDST 
members subjected to cyclic, blast and impact loadings, and highlights the gaps in the literature 
in regards to the performance of CFDST members subjected to extreme loadings, particularly 
impact loadings.  
2.5.1 CFDST columns subjected to cyclic loading  
Nakanishi, Kitada, and Nakai (1999) experimentally examined, under strong (simulated) 
earthquakes, the ultimate strength and ductility of cantilever short columns of the following 
members: (i) steel SHS, (ii) steel SHS fully filled with concrete, (iii) double skin steel tubes 
made of SHS as the outer tube and CHS as the inner tube where the annulus between the tubes 
was partly filled with concrete in the lower part, (iv) concrete-filled double skin steel tubes 
made of SHS as the outer tube and CHS as the inner tube, and (v) concrete-filled double skin 
tubes made of steel SHS as the outer tube and plastic CHS as the inner tube. The specimens 
were made of compact mild steel sections and the welding method between the flange and web 
plates was groove welding with full penetration. The average concrete compressive strength 
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was 11.8 MPa. The axial load was considered to be 15% of squash force. They reported that 
ultimate strength of the SHS column coincides almost with the theoretical fully plastic state, 
while the ultimate strengths of the four composite specimens are much greater than the 
theoretical fully plastic state composite column. Additionally, their results showed that 
concrete-filled double skin tube columns have the best performance under cyclic loading. 
Hsu and Lin (1999) investigated the behaviour of cantilever short columns of form CFST with 
SHS as the outer tube and CFDST with SHS as the inner and outer tubes subjected to axial and 
cyclic bending loads. The outer tubes were made of mild steel section, fabricated by fillet-
welding four plates, of diffident thickness to study the variations in behaviour between 
members with compact and con-compact plates. Moreover, the inner tube sections were made 
of mild steel compact plates.  The average concrete strength was 20.6 MPa. The axial load was 
considered to be 10% of specimens compressive yield strength to take into account the effect 
of superstructure weight. During the test, they observed local buckling of the outer tubes close 
to the fixed support which resulted in crumbling of concrete. However, due to the existence of 
concrete core, the specimens did not show significant deterioration in strength until the buckled 
plates fractured. Therefore, it was concluded that the concrete, even after crushing, can 
effectively maintain the columns stability. They reported that the contribution of concrete to 
the member performance was more significant for members with higher steel width-to-
thickness ratios. The results showed that the strength of the CFDST columns is higher than the 
corresponding CFST columns. The improvement in strength reached up to 45% for CFDST 
with non-compact outer tube, while this was 31% for CFDST with compact outer tube.  
Further to these studies, Han, Huang, Tao, and Zhao (2006) conducted a series of experiments 
to evaluate the response of simply supported CFDST beam-columns under constant axial load 
and cyclically increasing flexural loading. They considered specimens with SHS outer tube and 
CHS inner tube as well as specimens with CHS as both outer and inner tubes. The tubes were 
fabricated from mild steel sheet with compact plates cut from the sheet, tack welded into a 
circular or square shape and then welded with a single bevel butt weld. The average concrete 
strength was 38.9 MPa and 58.1 MPa for the specimens with circular and square sections, 
respectively. Apart from the cross-sectional geometry, the test design parameters were the axial 
load level, n (i.e., the ratio of the axial load applied to the axial compressive capacity of a 
column) from 0 to 0.6, and hollowness ratio, χ from 0 to 0.77. Results showed that the failure 
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features of CFDST specimens under cyclic loading are very similar to those of CFST columns. 
The typical failure modes of outer tube, inner tube, and concrete core as observed are shown 
in Figure 2-6. 
(a) Outer tube failure 
b) Concrete core failure 
(c) Inner tube failure 
Figure 2-6: Typical failure mode of outer tube, inner tube and concrete core of a square 
CFDST column subjected to cyclic loading (Han et al., 2006)  
The authors reported that after the steel reached its yield strain, an outward bulge formed close 
to the stub at the compression face of the CFDST column on both sides of the stub. The bulge 
also formed on the other face of the column when the lateral load was reversed. The bulge then 
grew with increasing lateral displacement until the bulge formed a complete ring on each side 
of the stub. The column finally failed due to tensile fracture at the bulge location, accompanied 
with a sudden drop in the lateral load bearing capacity. Inspection of the columns showed an 
inward indent for the inner steel tube and crushing of the sandwiched concrete. The results 
showed that all the CFDST columns behaved in a ductile manner; however, the ductility and 
energy dissipation ability of columns with a CHS as the outer skin were higher than those of 
the specimens with an SHS. It was found that the axial load levels influence the ductility of the 
specimens. Generally, the ductility of the specimens decreases with the increase in the axial 
load level. Additionally, it was observed that the lateral strength generally increases with an 
increase in axial load level up to a point (n=0.3 in their tests). However, it decreases with further 
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increase in axial load level.  It was also found that the hollowness ratio has a moderate effect 
on the behaviour of the lateral load-lateral displacement response of the CFDST columns. 
Generally, the ductility of the columns decreases with the increase of hollowness ratio.  
Recently, Han, Huang, and Zhao (2009) developed a mechanics model for CFDST beam-
columns subjected to constant axial load and cyclically increasing flexural loading. Based on 
the verified theoretical model, they performed a parametric analysis to assess influence of the 
changing axial load level, nominal steel ratio, strength of outer steel tube, strength of inner steel 
tube, strength of concrete, width-to-thickness ratio of inner steel tube, and hollowness ratio on 
the lateral load-lateral deflection responses of CFDST columns. The results of the parametric 
study revealed that the stiffness of the curves in the elastic stage increases significantly as the 
nominal steel ratio increases, or as the slenderness ratio decreases. The axial load level, strength 
of outer steel tube, strength of inner steel tube, strength of concrete, and width-to-thickness 
ratio of inner steel tube have a moderate effect on the stiffness in the elastic stage. Moreover, 
stiffness in the elastic stage increases considerably as hollowness ratio increases for the area of 
the concrete section decreases. The stiffness in the descending stage increases as hollowness 
ratio increases for the area of inner steel increases. It was also found that the ultimate lateral 
load increases as the nominal steel ratio, strength of outer steel tube or concrete strength 
increases, or the slenderness ratio decreases. The ultimate lateral load increases with the axial 
load level changes from 0 to a point (n=0.2 in this study); however, further increase in the axial 
load level reduces the ultimate lateral load. Strength of inner steel tube and width-to-thickness 
ratio of inner steel tube have a moderate effect on the lateral load-lateral deflection curves. 
2.5.2 CFDST columns subjected to blast loading  
Among limited studies conducted so far on CFDST members subjected to blast loading, Fouché 
and Bruneau (2010) numerically investigated the blast performance of CFDST columns. To 
conduct the study, firstly, the behaviour of CFST’s recorded in blast tests were reproduced 
using the finite element program LS-DYNA and compared to experimental results for accuracy 
and adequacy. Secondly, the techniques developed for this analysis were applied to the 
modelling and analysis of CFDSTs. Ductile behaviour of CFDST columns subjected to blast 
loading was reported.  
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Recently, Zhang, Wu, Zhao, et al. (2015) investigated the influence of the concrete strength, 
outer and inner tube thickness, cross-sectional geometry, hollowness ratio, axial load level, and 
support condition on the blast load resistance of CFDST columns by developing and employing 
a numerical model. They only validated their numerical model against uniaxial compression 
tests available in literature. The key response parameters in their study were global maximum 
and residual deflections at mid-span. Their results showed that steel tubes are the key 
contributors to the blast resistance of CFDST columns. It was found that the influence of 
concrete strength on the mid-span deflection of the columns is not significant. Whilst the outer 
tube thickness has a considerable influence on the columns’ mid-span deflections, the influence 
of inner tube thickness is minor. Additionally, it was found that among the two commonly used 
cross-sectional geometries (i.e., circular (CHS+CHS) and square (SHS+SHS)), columns with 
a square cross-section undergo much larger mid-span deflections compared to those with a 
circular cross-section, when they are under a severe blast loading (e.g., greater than 60 kg 
charge weight). However, for a moderate blast load of less than 40 kg TNT, columns with 
circular and square cross-sections yield the similar maximum deflections. They explained the 
larger deflection of square sections compared to circular ones by the fact that the impulse 
experienced by the circular columns was on average, 20% less than that experienced by a 
square column. The change in hollowness ratio from 0 to 0.5 showed no significant effect on 
the maximum and residual deflections. However, increasing the hollowness ratio beyond 0.5 
resulted in a noticeable increase in the deflection. The axial load level showed to have a visible 
influence on maximum and residual deflection of a pined-pined CFDST column. On average, 
columns with pinned supports yield the maximum deflection more significantly than those with 
fixed supports under the same blast and axial load combination. 
It follows from the above-mentioned review that knowledge on the behaviour of CFDST 
columns under blast loads is very limited. Experimental testings are necessary to understand 
the actual dynamic behaviour of these members and validate the finite element modellings. 
2.5.3 CFDST columns subjected to impact loading 
Among few studies on behaviour of CFDST members under lateral impact, Corbett, Reid, and 
Al-Hassani (1990) conducted an experimental study on small scale CFDSTs to investigate their 
ability to resist high-velocity projectile lateral impact load (i.e., sharp local impact or 
penetration) when they are used as a replacement to the original section or as a protective jacket 
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to the subsea steel tube piping system or steel pressure vessels. They prepared three specimens 
with the same outer and inner tube wall thickness and inner tube outside diameter and different 
outer tube outside diameters resulting in fabrication of specimens with three different concrete 
filler thickness. The tubes were fabricated from 1-mm thick mild steel sheets rolled to form 
cylinders of different dimeters and gas welded along the joints. The micro-concrete filler was 
of normal-density, made of ordinary Portland cement, sand and water with no aggregate and 
had the average compressive strength of 56 MPa. The specimens were placed against a flat 
immovable plate and struck radially along a diameter at their mid-section by means of a 12.7 
mm diameter hemispherically tipped projectile fired from a compressed air gun.  The 72.5 g 
projectile was fired at different velocities ranging from 45 m/sec to 200 m/sec. The results of 
the experiments indicated highly localized circular shape dent on the outer tube and axially 
extended dent on the inner tube. The results also showed that increasing the concrete filler 
results in a significant increase in the energy required for complete preformation. It was 
suggested that thickening of the steel tubes would reduce the required concrete filler thickness 
due to the transition to a less favourable shear-dominated mechanism in the steel tube. 
Additionally, it was found that CFDST was the most effective in withstanding projectile impact 
when the inner skin was undeformed.  
Recently,Wang, Qian, Liew, and Zhang (2012) numerically investigated the effectiveness of 
CFDSTs for use in oil and gas pipeline applications in offshore industries, particularly in arctic 
environments, to resist penetration by an impacting object such as ice floes, icebergs, trawl 
gear from fishing vessels, heavy objects such as anchors and installation equipment. To conduct 
the study, they developed finite element models using finite element program LS-DYNA. 
These models were not validated against any experimental data. To study the effect of inner 
pipe on the CFDSTs, they removed the inner pipe in one of the models and named the model 
as concrete-filled hollow pipe. All models were simply supported, had the same outer pipe 
outside diameter but different outer pipe wall thickness, inner pipe outside diameter and wall 
thickness as well as concrete layer thickness. They assumed that the pipes were circular in 
shape and fabricated from mild steel and concrete was of light weight with compressive 
strength of 60 MPa. The indenter had semi-cylindrical head with a width of 300 mm and a 
diameter of 60 mm. The initial impact velocity was assumed to be 8.9 m/sec and the impact 
location was at mid-span. The numerical results indicated that the CFDSTs have a strong 
resistance under lateral impact loading. Additionally, it was found that outer pipe plays an 
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indispensable role in improving the lateral impact resistance of CFDSTs. The concrete core 
can absorb a great portion of the impact energy and hence can effectively reduce the local 
indentation. Concrete core can also assist in preventing the buckling of the tubes. Changing the 
inner tube thickness hardly affects the lateral impact performance of the CFDST. However, its 
presence is important in providing confinement to the concrete core. Removing the inner tube 
from CFDST results in a significant increase in the maximum indentation. 
Additionally, Li, Lei, and Wang (2013) numerically  examined the behaviour of CFDSTs when 
used as structural members in high rise buildings or bridges subjected to lateral impact from 
striking plane, boat or vehicle. They developed a finite element model using finite element 
software ABAQUS. This model was not validated against any tests data. It was assumed that 
the inner and outer tubes were circular in shape and fabricated from mild steel. The concrete 
core was assumed to be of normal-density and have compressive strength of 26.8 MPa. The 
model simulated simply supported CFDST members subjected to lateral impact at mid-span 
using a drop-weight with a rectangular flat-headed indenter. The initial impact velocity was 
assumed to be 9.9 m/sec. The impact location was at mid-span. The results of numerical 
analysis suggested that the failure modes of CFDSTs under lateral impact includes the global 
bending deformation and local bucking at mid-span.  
Very recently, Wang, Qian, Liew, and Zhang (2014) conducted an experimental study to assess 
the lateral impact performance of double skin steel pipes filled with ultra-light weight cement 
composite (ULCC) when used as submarine oil and gas pipelines. The tests program involved 
six hollow pipe specimens and sixteen ULCC-filled pipe-in-pipe specimens subjected to the 
lateral impact at mid-span using drop-weight impact test facility with a rigid indenter which 
had a semi-cylindrical head with a width of 300mm and a diameter of 60 mm. All specimens 
had the same outer tube outside dimeter but different outer tube wall thickness. For ULCC-
filled pipe-in-pipe specimens, the inner tube outside diameter and cement layer thickness were 
also varied. All tubes were fabricated form mild steel. The ULCC filler did not contain coarse 
aggregates (> 5.0 mm) and had an average compressive strength of 62 MPa.  The impact mass 
and average initial impact velocity were 1,350 kg and 7.6 m/sec, respectively. Wang et al. 
(2014) reported that the impact process for the steel hollow pipes and the ULCC-filled pipe-
in-pipe specimens consists of a vibration phase, a stable phase and an unloading phase. The 
results suggested superior impact performance with higher impact resistance, smaller global 
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deformation and local indentation of ULCC-filled pipe-in-pipe specimens compared to steel 
hollow tubes. It was found that the outer pipe thickness directly influence the impact resistance 
and the global bending deformation. The ULCC layer effectively restricts the indentation 
within a highly localized region around the impact point and limits the deformation of steel 
pipes.  
The studies mentioned above indicate that CFDST members have good impact resistance, in 
general. However, these studies are among the first on this topic, limited in scope and their 
conclusions are preliminary. 
Table 2-2 summarises the detailed features of the investigations conducted so far. Reviewing 
this table highlights the fact that existing studies have not yet evaluated the response of CFDST 
members when used as structural columns subjected to a combination of lateral impact and 
axial load induced by the live and dead loads of building slabs or bridge or offshore platform 
decks. In the studies that have been undertaken so far, the lateral impact load was considered 
at the mid-span. However, column mid-span is not the most likely place for an impact to occur. 
When a column is located at the frontage of buildings for example, an impact (such as vehicular 
impact) is more likely to occur nearer the ground level rather than at the mid-point. 
Additionally, these few studies only considered circular CFDSTs with simply supported 
boundary conditions. The influence of various structural and load-related parameters were also 
not investigated. Therefore, it is believed that it is necessary to conduct experimental and 
numerical investigations to obtain a comprehensive understanding of the lateral impact 
performance of axially pre-loaded CFDST columns, gain an insight on the effects of various 
structural and load parameters on the response of CFDST columns, and identify the key factors 
accountable for the response of these columns. The expected findings are required for 
development of practical design methods. 
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Table 2-2: Summary of studies conducted so far on lateral impact response of CFDST members 
Reference Corbett et al. (1990) Wang et al. (2012) Li et al. (2013) Wang et al. (2014) 
CFDST application Pipeline and pressure 
vessels 
pipelines Structural members pipelines 
Study type Experimental study using 
compressed air gun 
Numerical study using LS-
DYNA  
Numerical study using 
ABAQUS 
Experimental study using 
drop-weight facility 
No. of dynamic tests performed 3 - - 16 
Ends’ Support Simply supported Simply supported Simply supported Simply supported 
Cross-sectional geometry CHS+CHS CHS+CHS CHS+CHS CHS+CHS 
Do/to 144,164, 200 (non-compact) 22, 35, 44 (compact) 57 (compact) 22, 35, 44 (compact) 
Di/ti 120 (non-compact) 28, 22 (compact) 50 (compact) 28, 22 (compact) 
Slenderness ratio, λ 5.4, 4.9, 4.3 (short) 27, 28, 29 (Slender) 18 (short) 27, 28, 29 (Slender) 
Hollowness ratio, χ 0.85, 0.74, 0.61 0.82, 0.7, 0.68, 0.67 0.61 0.82, 0.7, 0.68, 0.67 
Concrete compressive strength, f'c, 
(Mpa) 
56  60 26.8 62 
Yield strength of outer steel tube, fyo, 
(MPa) 
182 381 310 402 
Yield strength of inner steel tube, fyi, 
(MPa) 
182 381 310 402 
Impactor mass, Mi, (kg) 0.73 NA NA 1350 
Initial impact velocity, Vo, (m/sec) 45.0-200.0 (high-velocity 
projectile) 
8.9  9.9  7.6  
Impact location Mid-span Mid-span Mid-span Mid-span 
Indenter’s characteristics 12.7 mm diameter 
hemispherically tipped 
projectile 
Rigid semi-cylindrical head 
with a width of 300mm and 
a diameter of 60 mm 
Rigid rectangular flat head Rigid semi-cylindrical head 
with a width of 300mm and 
a diameter of 60 mm 
Axial load level, n 0 0 0 0 
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2.6 Experimental Techniques in Conducting Impact Tests on Axially Loaded 
Columns  
The following subsections review the methods adopted so far to apply the impact and axial 
loads on a structural member in the experiments conducted in the laboratory environments, and 
their advantages and drawbacks. 
2.6.1 Experimental techniques in applying impact load 
To experimentally study the response of structural members under low to medium-velocity 
impact, two techniques have been widely adopted by researchers. These are the swinging 
pendulum test (Hanssen, Enstock, & Langseth, 2002; Johnson, 2001; Sha & Hao, 2013) and 
the free fall drop-weight test (Bambach et al., 2008; Banthia, Mindess, Bentur, & Pigeon, 1989; 
Deng et al., 2011; Han et al., 2014; Remennikov & Kaewunruen, 2006; Wang et al., 2014; 
Zhang, Ruiz, & Yu, 2010).  
Figure 2-7: Schematic view of pendulum impact test rig (Voon, Sohadi, Hamouda, Ahmad, 
& Sheng, 2006) 
The pendulum test rig (Figure 2-7) usually comprises a base plate anchored to the ground, a 
pendulum supporting structure positioned on the base plate, a swinging pendulum member 
permanently secured to a rotatable shaft to impact a specimen in its path, and a test specimen 
holding device mounted on the base plate. The pendulum member includes an indenter which 
is attached releasably to the lower end portion of the pendulum and fixed masses permanently 
Pendulum arm 
Indenter 
Pendulum supporting frame 
Thick plate member Test specimen holding device 
Rotatable shaft 
Fixed masses 
Additional masses 
masses 
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secured at the lower end portion. Not providing flexibility for varying the striking mass has 
been one of the disadvantages of the pendulum rigs. However, Voon et al. (2006) proposed 
recently to detachably add additional masses immediately above the fixed masses to overcome 
this issue. In the pendulum rig, the pendulum arm hoisting and quick releasing mechanism 
usually consists of drive shaft, mechanical drive, gear box, and pulley system. Clutch coupling 
mechanism is mainly used between the pendulum mounted shaft and drive shaft to maintain 
the pendulum arms in its ready position, enabling a quick pendulum release. When the clutch 
coupling means is manually actuated, the pendulum swings downwardly and impacts the 
specimens, which can be positioned at different angle with respect to the pendulum arm. The 
rig is usually equipped with an accelerometer to measure impact acceleration and force and a 
light beam emitter-detector velocity measurement device to measure the velocity of impact. 
Figure 2-8: Schematic view of drop-weight impact test rig (Banthia, Mindess, & Bentur, 
1987) 
The drop-weight test rig (Figure 2-8) is usually comprised a base frame anchored to a pedestal, 
an impact tower with two vertical columns installed on the base frame, a striker (or impact 
hammer) which can travel within the vertical guides of the tower and hit the specimen at right 
angles, and test specimens supports mounted on the pedestal. The striker consists of an indenter 
and a weight block (or weight element) which contains the main mass of the striker and can 
Hoist 
Hammer 
Indenter 
Impact tower 
Test specimen 
Test specimen support 
Pedestal 
Photocell 
Light source 
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usually be adjusted to deliver the required impact mass for a particular test. A locked-latching 
release mechanism is usually used at the top of the striker to let the striker be raised, held at its 
raised position, and released when activated. To measure the velocity of the striker as it hit the 
specimen and trigger the data acquisition system a photocell is usually used. There are different 
ways of assembling the photocell; however, the common method involves a metal strip with 
holes punched in it, which runs parallel to the rig columns, and a photocell, mounted on the 
striker that slides along the strip. As soon as the photocell reaches a hole in the strip, a beam of 
light falls on the photocell through the hole registering an output. The data from the photocell 
assembly indicates the time required by the striker to travel the distances between the 
successive holes. This allows the velocity of the striker to be easily calculated. The striker, 
once released, passes a hole in the strip before hitting the specimen. This interception of the 
hole triggers the data acquisition system. Load cells positioned between the indenter and the 
weight block are usually used for measuring the impact force or interface force. 
The drop-weight testing method as compared to the pendulum test has the advantage of having 
inherent fail-safe characteristics in the event of unanticipated complete failure of the specimen, 
as the vertical motion of the striker can be arrested by anvil seated on the pedestal (Hobbs, 
Gilbert, & Molyneaux, 1998). Unlike in the pendulum test, only impacts at right angle to the 
specimen is possible in the drop-weight test. Drop-weight test rig is more compact than the 
swinging pendulum. However, to effectively increase the impact energy and the strain rate, it 
requires increasing the impact velocity by increasing the height of the free fall which implies 
increasing the height of the tower that may not be practical in small laboratories with 
insufficient ceiling height.  
2.6.2 Experimental techniques in applying axial load 
In actual situations, offshore platform legs, bridge piers and building columns carry axial load 
induced by live load and dead load of slab or deck prior to an impact. This load could be 
regarded as almost constant throughout the impact event (Wang et al., 2013; Zeinoddini, Parke, 
& Harding, 2002). Therefore, in designing an impact experiment where the effect of axial pre-
loading is considered, the test rig should be capable of applying and maintaining the axial pre-
loading, as far as practically possible, during the impact.  
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Feyerabend (1988) performed a number of lateral impact tests on reinforced concrete members 
that had been axially pre-loaded. One end of these members was attached to a stationary steel 
section fixed to the ground and the other end was attached to a 20-tonne mass that can slide 
over horizontal low-friction rails. The axial load was applied by pulling the free sliding end via 
external pre-stressing bars, located on either sides of the member, towards the stationary end, 
as shown in Figure 2-9. Fluctuations were reported in the recorded axial load-time histories. 
Using this technique, the investigators were able to prevent some losses of axial load during 
impact.  
 
 
 
(a) Side view 
 
 
  
(b) Plan view 
Figure 2-9: Technique used by Feyerabend (1988) to apply axial load 
Figure 2-10: Technique used by Wang et al. (2013)  to apply axial load 
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Figure 2-11: Technique used by Yousuf et al. (2014) to apply axial load 
Allan and Marshall (1992) carried out a series of dynamic impact tests on steel tubes that had 
been axially pre-loaded. They used a hydraulic ram to apply the axial load and reported that 
the applied axial pre-loading eventually vanished during the impact as the columns underwent 
axial shortening caused by lateral deflection and that the hydraulic ram alone was not able to 
react instantaneously to prevent the axial load loss. 
Zeinoddini et al. (2002) improved the technique employed by Allan and Marshall (1992) and 
conducted an experimental study on axially pre-loaded steel tubes. To overcome the difficulty 
that Allan and Marshall (1992) faced in maintaining the axial load, Zeinoddini et al. (2002) 
introduced a self-reacting system containing a relatively long length of disc-springs.  In their 
tests, the steel tube specimens had a rigid support at one end but were allowed free translation 
in the axial direction at the other end. The sliding support allowed the axial load to be applied 
to the specimen. The axial load was applied by a hydraulic ram though the springs stacked 
Prestressed bar 
Course nut 
Flat washer 
End plate 
Grout hose 
SHS specimen 
End of duct sealed 
with tape 
Spiral duct 
Drop-weight 
Specimen 
 
 
42   Chapter 2: Literaure Review 
 
behind the sliding end of the specimen. The results showed that the springs were able to recover 
a major portion of the loss of axial loading. The long-term drop in the axial load in the tests 
was reported to be 11% of the initial pre-loading. Wang et al. (2014) also employed the same 
method in their impact tests to apply the axial load on the CFST columns as depicted in Figure 
2-10. 
Recently, Yousuf et al. (2014) employed another method to apply axial load when studying the 
lateral impact behaviour of steel tubes and CFSTs. They used a pre-tensioning system 
consisting of steel plates, threaded steel bar, nuts and bolts as shown in Figure 2-11. They 
passed a steel bar through the column and tightened it by a nut which was attached to the bar 
at each end. By tensioning the bar, the column would be in compression. This technique 
requires less space; however, the presence of the bar in the columns may affect the columns’ 
impact behaviour.  
2.7 Concluding Remarks 
A review of the literature relevant to the present thesis research was presented in this chapter. 
The review provided for understanding of the characteristics of impact loading and its effects 
on structural system behaviour. This understanding was a crucial pre-requisite for the design 
and implementation of experimental program, analysis of the experimental results, establishing 
numerical models, and an appreciation of lateral impact behaviour of CFDST. As well, the 
review summarised findings of several past studies on the response of the two primary types 
of steel-concrete composite columns subjected to extreme loads (i.e., impact and blast): 
concrete-encased structural steel and concrete-filled steel tube columns. These findings 
established a foundation in understanding of the lateral impact behaviour of CFDST columns. 
Additionally, this chapter provided for the state of art on the static and dynamic behaviour of 
the CFDST members. The chapter overviewed techniques in application of axial and impact 
loads to structural members in laboratory experiments. An insight into the advantages and 
disadvantages of the techniques provided a great assistance in designing experiments on impact 
response of axially pre-loaded CFDST columns.  
The critical review of the literature on behaviour of axially pre-loaded CFDST columns 
subjected to lateral impact revealed a number of gaps in the available technical literature. It 
was shown that previous studies are very few, limited in scope, with conclusions that are 
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preliminary. These few studies lack experimental insight into the response of CFDST members 
when used as structural columns subjected to a combination of lateral impact and axial load 
induced by live and dead loads of building slabs or bridge decks. It was also noted that no 
example of validated finite element computational model has been reported on simulation of 
the lateral impact performance of axially pre-loaded CFDST columns. The lateral impact load 
has been traditionally considered at the mid-span while column mid-span is not the most likely 
place for an impact to occur. For example, for a column which is located at the frontage of 
buildings, an impact (such as vehicular impact) is more likely to occur closer to the ground 
level than to the mid-point. Moreover, these limited number of studies only considered circular 
CFDSTs with simply supported boundary conditions. The influence of various structural and 
load-related parameters was not investigated.  
In the face of these shortcomings, it is believed that it is necessary to conduct an investigation 
to obtain a comprehensive understanding of the lateral impact performance of axially pre-
loaded CFDST columns, to gain an insight into the effects of various structural and load-related 
parameters on the response of the columns, and determine the key factors accountable for the 
response of these columns. This understanding and insight are required for the development of 
practical design methods. Unavailability of any study on difference in the performance of 
CFDST and CFST columns under lateral impact loading also necessitates a research to assist 
designers in choosing a column type that has better performance under a particular lateral 
impact scenario. Two steps should be taken to achieve these objectives. Firstly, an experimental 
study should be planned and implemented. Secondly, a numerical model should be developed 
to be validated against the experimental data to provide for a tool to expand the investigation 
without having to conduct expensive and time-consuming tests. 
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Chapter 3: Experimental Set-up and Procedure 
 
3.1 Introduction 
In order to achieve the research objectives, it was necessary to conduct an experimental 
program that included a number of carefully-planned tests on exclusively designed and 
constructed CFDST column specimens subjected to combinations of static axial load and 
dynamic lateral impact. The tests were conducted using an innovative horizontal impact testing 
system (HITS), which has been designed, constructed and installed on the strong floor of Banyo 
structures laboratory, Queensland University of Technology (QUT) with the capability of 
examining the impact response of structural members. The results from the experimental study 
were employed to assess the behaviour of CFDST columns under lateral impact loading and 
validate a numerical model developed as part of this research work, whose formulation is 
provided in Chapter 5. 
This chapter presents the details of the CFDST specimens in the test matrix, fabrication 
method, and measured properties of the materials used in the specimens’ fabrication. 
Furthermore, it provides the details of experimental setup and procedure, key components of 
the horizontal impact testing system (HITS), and data measuring instruments (sensors). This 
chapter also explains the methods used to process the raw data acquired from the sensors to 
produce the results required to analyze the response of the columns and verify the numerical 
models. Additionally, the procedure employed to conduct tests to investigate the columns’ 
dynamic characteristics under the varied conditions are described and the results are provided. 
The analysis of impact results is provided in Chapter 4. 
3.2 Design of Test Specimens 
The dimensions and material properties of the specimens were selected so that they could 
comply with the scope of this study, satisfy the constraints imposed in the experiment and allow 
the columns to reach a plastic phase while maintaining stable response (i.e., preventing 
complete collapse) under combined axial load and lateral impact load. Firstly, the constraints 
imposed on the experiments were identified. Secondly, the dimensions and material properties 
were determined to fulfil the scope of the study and satisfy the constraints. Subsequently, the 
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preliminary numerical model of the CFDST column was developed to determine the most 
suitable dimensions and material properties of the columns which allow the columns to reach 
a plastic phase under specified axial and impact loads while preventing unstable response. In 
the development of the numerical model, use was made of the verified techniques, namely 
knowledge obtained from numerical simulation of CFST columns in comparison with 
experiments available in literature. Chapter 5 and Chapter 7 describe the numerical model of 
CFDST column and CFST column, respectively. 
3.2.1 Identified constraints 
The following constraints were identified and considered in selecting the specimens’ 
dimensions and properties: 
x The study scope required that the selected columns be slender. To satisfy this, the 
dimensions of the specimens were selected in such a way that the unbraced column 
slenderness ratio, λ, was greater than 22 (AS3600, 2009). The value of slenderness ratio 
was calculated using Equation 2-1. 
x To satisfy the study scope, the tubes should be the fabricated from mild steel and 
classified as compact according AS4100 (1998) and AS5100 (2004). Therefore, in 
selection of wall thickness of mild steel tubes attention was made to ensure that the 
plate element slenderness is less than the yield slenderness limit. Additionally, 
according to the research scope, the concrete strength should be of the standard grades 
(i.e., 25, 32, 40, 50, or 65 MPa) (AS5100, 2004).  
x Features of the laboratory facilities imposed some constraints in selection of the 
specimens’ characteristics. The constraints included: 
o The specimens’ length should be selected so that the distance between the 
supporting frames of horizontal impact testing system was equal to the multiple 
of the distance between the tie down points on the strong floor (i.e., 1120mm) 
as these frames are bolted to the floor at the tie down locations. The details about 
these frames are provided in Section 3.7.3.2.  The tie down points’ location 
matrix on the strong floor is shown in Figure I-1 in Appendix I. 
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o To accommodate the existing specimen end caps, specimens’ width or diameter 
should not exceed 310 mm. The details about these end caps are provided in 
Section 3.7.2.1. 
o The horizontal impact testing system does not allow the striker’s mass to exceed 
325 kg. 
o The horizontal impact testing system does not allow the striker’s velocity to be 
greater than 8 m/sec. 
x The spacing between the outer and inner steel tubes should be sufficient to 
accommodate the maximum aggregate size. Thus, the dimensions of the inner and outer 
tubes were selected so that Equation 3-1 is satisfied.  
(𝐷𝑜−2𝑡𝑜)−𝐷𝑖
2 > 𝑀𝐴𝑆                                                                                     Equation 3-1 
where Do, Di, to and MAS are the outside diameter of the outer tube, outside diameter 
of inner tube, wall thickness of outer tube, and maximum aggregate size, respectively. 
x Commercially-available steel hollow section sizes in Australia was the final factor to 
consider in selecting the dimensions of the specimens.  These data was found in 
(Australian Tube Mills, 2013). 
3.2.2 Nominated dimensions and material properties of specimens 
Following a preliminary numerical analysis and incorporating all the experimental constraints, 
it was decided to conduct the impact tests on CFDST specimens with circular outer and inner 
steel tubes with dimensions and properties as presented in Table 3-1 and Table 3-2, 
respectively. The typical CFDST section is shown in Figure 3-1. 
Table 3-1: Nominated dimensions of the specimens 
Parameter Value 
Specimen’s length-L (m) 3 
Outside diameter of outer tube-Do (mm) 165.1 
Wall thickness of outer tube-to (mm) 5.4 
Outside diameter of inner tube-Di (mm) 33.7 
Wall thickness of inner tube-ti (mm) 4 
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Specimen’s slenderness ratio-λ 71.8 
Outer tube’s plate element slenderness- λeo 31.5 
Inner tube’s plate element slenderness- λei 8.7 
((Do-2to )-Di)/2 60.3 
 
Table 3-2: Nominated material properties of the specimens 
 
 
 
 
 
 
Figure 3-1: Typical profile of the CFDST specimens 
3.3 Test Matrix 
In this impact testing program, only the axial pre-loading and impact location were varied. 
Upon validation of numerical model using the experimental results (presented in Chapter 5), 
the model was used to further investigate the influence of various structural and load-related 
parameters on the impact response of CFDST columns (presented in Chapter 6). 
Four series of tests, with a total of eight tests, involving different combinations of axial load 
and impact location were considered as contained in Table 3-3. To ensure repeatability, more 
than one specimen was tested for most series. Axial pre-loadings were 0 kN, 200 kN and 400 
kN, which were within a range of 0%, 15% and 30% of the CFDST specimen axial capacity. 
Parameter Value 
Unconfined compressive strength of concrete-f’c (MPa) 25 
Maximum aggregate size-MAS (mm) 10 
Yield strength of outer steel tube -fyo (MPa) 250 
Ultimate strength of outer steel tube- fuo (MPa) 320 
Yield strength of inner steel tube -fyi (MPa) 250 
Ultimate strength of inner steel tube- fui (MPa) 320 
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The impact locations were mid-span and two-third of column length away from one of the 
supports (i.e., off-centre). The striker mass and initial impact velocity were 262 kg and 
7.8 m/sec, respectively. Simply supported boundary conditions were considered for all test 
series.   
To identify specimens, each was labelled, where the last letter refers to the first test in the 
particular series (A) or the repeated test in the same series (B or C), the second to last letter 
refers to the test series number (1, 2, 3, 4) and the rest of the letters refer to the column type 
(i.e., CFDST).  
Table 3-3: Test matrix 
Test Series Specimen Axial Load (kN) Impact Location 
Series 1 CFDST1A 0 Mid-span 
Series 2 
CFDST2A 200 Mid-span 
CFDST2B 200 Mid-span 
CFDST2C 200 Mid-span 
Series 3 
CFDST3A 200 Off-centre 
CFDST3B 200 Off-centre 
Series 4 
CFDST4A 400 Mid-span 
CFDST4B 400 Mid-span 
 
3.4 Physical Characteristics of Test Specimens 
The inner and outer tubes were supplied by One Steel Mill Tube (Australia). These circular 
tubes were cold-formed structural steel hollow sections with grade C250L0 manufactured to 
(AS1163, 2009). Roll forming with electric resistance welding (ERW) technique was used to 
form these circular sections. In total, there were four inner tubes and four outer tubes with “as 
delivered” lengths of 6.5 m. Two 3-m long tubes were cut from each 6.5 m long tube to obtain 
eight inner tubes and eight outer tubes. The average length of the specimens, which was 
measured by a steel measure tape, was 3000 mm. Table 3-4 summarises the nominal and 
measured values of outside diameter and wall thickness of outer and inner tubes. Whilst an 
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outside micrometre was used to measure the outside diameter of the inner and outer tubes, a 
vernier calliper was used to measure the wall thickness of tubes. 
Concrete with nominal compressive strength of 25 MPa was supplied by HY-TEC concrete. It 
was a premixed concrete with maximum aggregate size of 10 mm. A high-range water-
reducing admixture (i.e., superplasticizer) was added to the concrete mix to improve the 
workability and consolidation of concrete. 
Table 3-4: The nominal and measured dimensions of the specimens 
 
 
 
 
3.5 Experimentally Obtained Material Characteristics of Test Specimens 
Standard static material testings were performed to obtain the actual properties of steel and 
concrete used in the CFDST specimens. The following subsections describe the geometry and 
dimensions of the testing specimens, testing apparatus, measuring sensors employed, and 
present the results. 
3.5.1 Steel tensile coupon tests 
Static tensile coupon tests were conducted under conditions specified in AS1391 (2007) to 
obtain the tensile properties of the mild steel hollow sections (i.e., inner and outer tubes). The 
results were used later to comprehensively calibrate the numerical model.  
3.5.1.1 Test specimens preparation 
The remaining 0.5 m length of four inner tubes and four outer tubes were used to prepare the 
tensile coupons. Since the outside diameter of the inner and outer tubes was larger than the 
maximum grip size of the testing apparatus, they could not be tested in full-section. Therefore, 
test specimens were cut in the longitudinal direction of the steel tubes. Two test pieces were 
cut from each tube (i.e., eight test pieces were obtained from larger tubes and eight test pieces 
 Do (mm) to (mm) Di (mm) ti (mm) 
Nominal 165.10 5.40 33.70 4.00 
Measured (average) 165.80 5.39 33.71 4.00 
Measured (max) 166.00 5.60 33.80 4.10 
Measured (min) 165.60 5.30 33.70 4.00 
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were obtained from smaller tubes.) at the location which was approximately 90 degrees from 
the weld as indicated in Figure 3-2. The gripped end of each test piece was flattened to suit the 
grip of testing machine. The shapes and sizes of specimens were in accordance with AS1391 
(2007); see Figure 3-3 and Figure 3-4. The gauge length of the specimens was set to be 50 mm 
and 33 mm, for larger and smaller tubes, respectively. The specimen thickness and width were 
measured at three points within the gauge length using a vernier calliper. The averages of these 
measured dimensions were used to determine the mechanical properties. 
Figure 3-2: Location of test pieces for tensile testing of tubes 
Figure 3-3: Geometry and dimensions of test pieces cut from tubes with averaged outside 
diameter of 165.8 mm 
Figure 3-4: Geometry and dimensions of test pieces cut from tubes with averaged outside 
diameter of 33.71 mm 
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3.5.1.2 Test set-up and procedure 
Standard tensile tests were performed using an MTS 810 Material Testing System of 100 kN 
capacity using an MTS 647 Hydraulic Wedge Grips as shown in Figure 3-5. Displacement 
control method was employed in the tests. The crosshead speed was set to 1 mm/min. A 
crosshead mounted load cell (Model 661.20F-03) was used to measure the tensile axial load. 
MTS extensometer (Model 634.31F-24) with gauge length of 20 mm and travel distance of -2 
mm to +4 mm was employed to measure the axial displacement of the central region of the test 
piece before the yield point (Figure 3-5). Due to the limitation of travel distance of 
extensometer, the MTS displacement transducer, integrated in the MTS machine, was used to 
obtain the axial displacement after yielding of the steel specimens. The results from the 
extensometer and the displacement transducer were then merged to obtain the complete 
displacement-time history of the specimens. The load cell, extensometer, and displacement 
transducer measured the data at a frequency of 10 Hz.  
Figure 3-5: Steel tensile test set-up 
In order to obtain engineering strain before the yielding point, the axial displacement from the 
extensometer was divided by the extensometer’s gauge length. Similarly, the axial 
displacement obtained from the displacement transducer was divided by the specimen gauge 
length to find the engineering strain after steel yielding point. The engineering stress was 
calculated by diving the measured axial load by the original cross-sectional area (So) of the test 
MTS extensometer 
Wedge grip 
Specimen 
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pieces. The cross-sectional area was determined using Equation 3-2 (recommended in 
(AS1391, 2007). 
𝑆𝑜 =
𝑏
4 (𝐷
2 − 𝑏2)1 2⁄ + 𝐷
2
4 𝑎𝑟𝑐𝑠𝑖𝑛
𝑏
𝐷 −
𝑏
4 ⌊(𝐷 − 2𝑡)
2 − 𝑏2⌋1 2⁄ − (𝐷−2𝑡2 )
2
arcsin 𝑏𝐷−2𝑡       Equation 3-2 
where D (mm) is the outside diameter of the tube, t (mm) is the tube wall thickness and b (mm) 
is the average width of the strips.  
3.5.1.3 Test results 
Figure 3-6 and Figure 3-7 show the engineering stress-stain curves obtained from the tensile 
tests conducted on the coupon specimens cut from larger tubes (LT) and smaller tubes (ST), 
respectively.  
Figure 3-6: Engineering stress-strain curve for the tubes with averaged outside diameter of 
165.8 mm and wall thickness of 5.39 mm 
Figure 3-7: Engineering stress-strain curve for the tubes with averaged outside diameter of 
33.71 mm and wall thickness of 4.00 mm 
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The Young’s modulus, engineering yield strength, engineering ultimate strength, and 
engineering fracture strain for all tests are given in Table 3-5. The results showed smaller 
facture strain for the inner tubes as compared to larger tubes. 
Table 3-5: Results of steel tensile tests 
Test ID Young’s modulus 
cvbb 
(GPa) 
Engineering yield 
strength 
(MPa) 
Engineering ultimate 
strength 
(MPa) 
Engineering fracture 
strain 
Steel tube with averaged diameter of 165.8mm and wall thickness of 5.39 mm 
LT1 223.5 306.0 362.8 0.585 
LT2 202.1 300.0 363.6 0.484 
LT3 198.7 294.0 354.6 0.476 
LT4 240.9 307.0 361.8 0.469 
LT5 220.2 299.5 358.0 0.508 
LT6 240.9 307.0 361.8 0.469 
LT7 238.3 299.0 352.4 0.530 
LT8 221.5 303.5 362.7 0.476 
Average 216.5 299.5 358.5 0.509 
COV (%) 7.4 1.5 1.2 8.1 
Steel tube with averaged diameter of 33.71mm and wall thickness of 4.00 mm 
ST1 230.1 393.0 431.0 0.248 
ST2 217.3 407.0 436.2 0.231 
ST3 210.1 397.5 430.0 0.249 
ST4 228.9 392.9 424.9 0.247 
ST5 230.3 410.0 439.9 0.233 
ST6 201.7 410.0 435.1 0.227 
ST7 217.9 396.2 434.7 0.254 
ST8 198.5 403.9 435.7 0.229 
Average 217.0 401.3 433.4 0.239 
COV (%) 5.6 1.8 1.1 4.5 
3.5.2 Concrete compression tests 
Static concrete compression tests were conducted according to AS1012.9 (2014) to obtain 
unconfined compressive strength of concrete (f’c). Results were used later to calibrate the 
numerical model of CFDST columns under lateral impact. 
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3.5.2.1 Test specimens preparation 
Eight concrete specimens were prepared conforming to AS1012.2 (2014) and AS1012.8 
(2014). Each concrete sample was taken at about the halfway point of discharge into a particular 
column. The nominal dimensions of the cylindrical test specimens were 100 mm (diameter) × 
200 mm (length). The concrete was filled in the steel moulds in two fairly equal layers. Casting 
was carried out vertically on a level surface. A metal rod as specified in AS1012.3.1 (2014), 
AS1012.3.2 (1998) and AS1012.3.3 (1998) was used for concrete compaction. The compaction 
was carried out as specified in AS1012.8 (2014). All specimens were then sealed with plastic 
sheeting and kept in the same condition as the CFDST columns.  
Prior to the compression tests, the specimens were demoulded and the casting surface (i.e., 
upper surface) was capped with a very thin (< 4 mm) layer of Sikadur 31/41 Rapid, a high-
strength adhesive mortar, to ensure it is flat and smooth. Additionally, dimensions of all the 
specimens were measured with a vernier calliper and recorded. The specimens’ length was 
obtained by averaging the length of four measurements along the circumference of the 
cylinders. The diameter of the specimens was measured along three positions over their length. 
3.5.2.2 Test set-up and procedure 
Each specimen was placed vertically between two compression platens, made of steel and 
parallel to each other as shown in Figure 3-8.  
Figure 3-8: Concrete compression test set-up 
Moog ram 
Load cell 
Failed specimen Upper compression platen 
Lower compression platen 
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The upper platen, bolted to the load cell, was circular in shape with a diameter of 205 mm and 
a thickness of 50 mm. The lower platen was also circular in shape, had a diameter of 105 mm 
and thickness of 65 mm, and stood on a column which was securely held in place. The axial 
compressive load was applied using hydraulically driven Moog ram with a capacity of 500 kN.  
Using a displacement control method, the loading was increased continuously and without 
shock at a rate of 0.001 mm/sec. The load was measured continuously at a frequency of 1 Hz 
using a 450 kN load cell (model: Interface 1040) until the specimen failed. No attempt was 
made to measure the concrete strain because available laboratory equipment did not allow its 
measurements. Additionally, the numerical model described in Chapter 5 did not require input 
for concrete stress–strain characteristics.  
3.5.2.3 Test results 
Figure 3-9 shows the compressive stress-time history of concrete obtained from the tests. A 
summary of the unconfined compressive strength of concrete obtained from all the eight tests 
is provided in Table 3-6.  
Figure 3-9: Concrete compressive stress-time history 
To calibrate the numerical model of CFDST, the unconfined compressive strength of 150 mm 
× 300 mm concrete cylinders was required. Therefore, the values obtained from the 
experimental testings were converted to unconfined compressive strength of 150 mm × 300 
mm concrete cylinders using Equation 3-3 (Mansur & Islam, 2002). 
𝑓𝑐 (150 ×300)′ = 0.98 𝑓𝑐 (100×200)′ − 3.49                                                                  Equation 3-3 
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Table 3-6: Results of concrete compression tests 
Series No. Test ID 
f'c 
(100mm×200mm) 
(MPa) 
f'c 
(150mm×300mm) 
(MPa) 
1 CFDST1A 35.15 30.96 
2 
CFDST2A 33.27 29.11 
CFDST2B 35.42 31.22 
CFDST2C 32.89 28.74 
3 CFDST3A 33.78 29.61 CFDST3B 27.97 23.92 
4 CFDST4A 30.44 26.34 CFDST4B 29.84 25.75 
 Average 32.35 28.21 
 COV (%) 8.2 9.2 
3.5.3 Concrete tension tests 
Splitting tensile (or Brazilian) tests were conducted under the conditions recommended in 
AS1012.10 (2000) to obtain the indirect tensile strength of concrete (f’ct,sp). The results were 
later converted to uniaxial tensile strength (fct) using Equation 3-4 as recommended in AS3600 
(2009). 
𝑓𝑐𝑡 = 0.9𝑓𝑐𝑡,𝑠𝑝                                                                                                           Equation 3-4 
The fct values were used to calibrate the numerical model of CFDST columns under lateral 
impact. 
3.5.3.1 Test specimens preparation 
Four cylindrical concrete specimens were prepared for the splitting tensile strength tests 
conforming to AS1012.2 (2014) and AS1012.8 (2014). One sample was taken per impact test 
series. Since the first series involved only one CFDST column, the concrete sample was taken 
at about the halfway point of discharge into that column. However, for the second, third and 
fourth series, which involved more than one CFDST columns, the samples were taken after 
pouring concrete into the first column of the particular series and before discharging concrete 
into the second column of the same series.  Due to unavailability of suitable mould size for 
preparing cylindrical concrete specimen of 150 mm (diameter) × 300 mm (length), 
recommended in AS1012.10 (2000), the cylindrical specimens with nominal dimensions of 
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100 mm (diameter) × 200 mm (length) were prepared. The results were later converted to 
splitting tensile strength of 150 mm × 300 mm cylindrical concrete specimen using Equation 
3-5, as recommended in (Kadleček, Modrý, & Kadleček Jr, 2002), before transforming them 
to uniaxial tensile strength using Equation 3-4. 
𝑓𝑐𝑡,150𝑚𝑚×300𝑚𝑚 = 0.91𝑓𝑐𝑡,100𝑚𝑚×200𝑚𝑚                                                              Equation 3-5 
The steel mould was filled with concrete in two fairly equal layers. The casting was done 
vertically on a level surface. A metal rod with characteristics specified in AS1012.3.1 (2014), 
AS1012.3.2 (1998) and AS1012.3.3 (1998) was used for compaction. The concrete compaction 
was carried out as specified in AS1012.8 (2014). All specimens were then sealed with plastic 
sheeting and kept in the same condition as the CFDST columns.  
Prior to conducting the tests, the specimens were demoulded and all dimensions of the 
specimen were measured with a vernier calliper. The specimens’ length was obtained by 
averaging the length of four measurements along the circumference of the cylinders. The 
diameter of the specimens was measured along three positions over their length. 
3.5.3.2 Test set-up and procedure 
The test set up involves a 500 kN hydraulic Moog ram, a load cell, two compression platens, 
one supplementary bearing strip, and two bearing strips as shown in Figure 3-10.  
Figure 3-10: Concrete splitting test set-up 
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The axial compressive load was applied by the hydraulic ram using displacement control 
method at a rate of 0.001 mm/sec. The load cell (model: Interface 1040), which was bolted to 
the ram, had a capacity of 450 kN and was used to measure the continuously applied axial load 
at a rate of 1 Hz until the specimen failed. The compression platens were made of steel and 
were parallel to each other. The upper platen was circular in shape, had a diameter of 205mm 
and a thickness of 50 mm and was bolted to the load cell. The lower platen was a square with 
the width of 250 mm. It was welted to a column which was firmly standing on the strong floor 
and had stable boundary conditions. The supplementary bearing plate was made of steel and 
had a width of 120 mm, a thickness of 10 mm and length of 500 mm. It was used to ensure 
uniform application of the load. The bearing strips were made of hardwood, free of 
imperfections and of appropriate sizes (5 mm thick, 25 mm wide and of a length slightly longer 
than the specimen length) as specified in AS1012.10 (2000) . These strips were not reused. No 
attempt was made to measure the concrete strain because available laboratory equipment did 
not allow its measurements. Additionally, the numerical model described in Chapter 5 did not 
require input for concrete stress–strain characteristics.  
3.5.3.3 Test results 
Figure 3-11 shows the indirect tensile stress-time history of concrete obtained from the tests. 
A summary of measured splitting tensile strength of concrete obtained from the four tests is 
provided in Table 3-7. 
Figure 3-11: Concrete indirect tensile stress-time history 
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Table 3-7: Results of concrete splitting tests 
Series No. fct,sp, 100mm×200mm (MPa) 
fct,sp, 150mm×300mm 
(MPa) 
fct, 150mm×300mm 
(MPa) 
Series 1 4.35 3.96 3.56 
Series 2 4.01 3.65 3.28 
Series 3 4.44 4.04 3.63 
Series 4 3.64 3.31 2.98 
Average 4.11 3.74 3.36 
COV (%) 8.9 8.9 8.9 
3.5.4 Concrete density tests 
Tests were conducted under the conditions recommended in AS1012.12.2 (2014) to obtain the 
density (i.e., mass per unit volume) of hardened concrete, ρ. The results were used to calibrate 
the numerical model of CFDST columns under lateral impact. 
3.5.4.1 Test specimens preparation 
Four cylindrical concrete specimens with nominal dimensions of 100 mm (diameter) × 200 
mm (length) were prepared in a similar fashion explained in Section 3.5.2.1. 
3.5.4.2 Test procedure  
The mass per unit volume of each hardened concrete specimen was obtained by determining 
the mass of the specimen using a digital scale and dividing it by the volume of the specimen 
determined by the water displacement method. The volume of each specimen, vs (m3), was 
calculated using Equation 3-6. 
𝑣𝑠 =
𝑚2−𝑚1
1000                                                                                                                Equation 3-6 
where m1 is the initial mass of the specimen in kg and m2 is the mass of the specimen in kg 
after storing in water for 24 hours. 
3.5.4.3 Test results 
A summary of measured density of concrete obtained from the four tests is provided in Table 
3-8. 
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Table 3-8: Results of concrete density tests 
Series No. ρ (kg/m3) 
Series 1 2256.1 
Series 2 2254.9 
Series 3 2254.7 
Series 4 2262.1 
Average 2257.0 
COV (%) 0.16 
3.6 Fabrication of Specimens 
The test specimens were fabricated at Banyo structures laboratory, Queensland University of 
Technology, where the experiments were performed. Preparation involved the following steps: 
1. The inner tube was held vertically onto a 10-mm-thick steel end plate on a clearly 
marked circle and welded; see Figure 3-12. 
Figure 3-12: Step 1 of specimen preparation 
2. The outer tube was positioned around the horizontally placed inner tube. The inner tube 
was then centralised in the outer tube using a spacer at the specimen end, where the 
inner tube did not have the end plate welded to it; see Figure 3-13.  
3. The 10-mm steel plate, which was initially welded to inner tube at one end, was welded 
to the outer tube at the same end as shown in Figure 3-14. 
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End plate 
 
 
62                                                                     Chapter 3: Experimental Set-up and Procedure                                                                    
 
Figure 3-13: Step 2 of specimen preparation 
Figure 3-14: Step 3 of specimen preparation 
4. The specimen was clamped to be held securely upright; see Figure 3-15. 
Figure 3-15: Step 4 of specimen preparation 
5.  Concrete was poured by a bucket from the top into the annulus ring between inner and 
outer tube in fifteen approximately equal layers of 200 mm. The bucket was marked on 
its height to measure the concrete volume required to fill 200 mm height of column. A 
steel funnel was used to guide the concrete into the annulus between the tubes. The 
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funnel had (i) a stand to sit on the inner side of the outer tube, (ii) three spacers to centre 
the inner tube in the outer tube during concrete placement, and (iii) a cap for the inner 
tube to prevent concrete from pouring into the inner tube. Each concrete layer was 
compacted by rodding as well as striking a rubber mallet to the column from outside. 
This process was carried out carefully to ensure that there were no entrapped air 
pockets; see Figure 3-16. 
Figure 3-16: Step 5 of specimen preparation 
6.  Plastic sheeting was placed over the top end of the poured specimens, which were left 
to properly cure until testing; see Figure 3-17. 
Figure 3-17: Step 6 of specimen preparation 
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7. Prior to testing, Sikadur 31/41 Rapid (a high-strength adhesive mortar) was used to fill 
the longitudinal gap caused by concrete longitudinal shrinkage so that the concrete 
surface could be flush with the steel tube at the top as shown in Figure 3-18. This surface 
was ground smooth and flat using a grinding wheel to ensure that the axial load could 
be applied evenly across the cross-section and simultaneously to the steel and concrete. 
This type of concrete shrinkage was also reported in (Han, Huang, Tao, & Zhao, 2006; 
Tao, Han, & Zhao, 2004). A similar solution was employed in these studies to overcome 
the problem.  
Figure 3-18: Step 7 of specimen preparation 
8. A 10-mm steel plate was welded to the outer tube at the casting end (the top end of the 
column during concrete placement); see Figure 3-19. 
Figure 3-19: Step 8 of specimen preparation 
9. A reaction plate, which served to support the specimen in the direction that is parallel 
and opposite of the impact force in the impact tests, was welded to each end plate as 
shown in Figure 3-20. 
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Figure 3-20: Step 9 of specimen preparation 
10. Finally, the specimen was degreased, grid marked on its surface and mounted on the 
axial loading frame as shown in Figure 3-21. 
Figure 3-21: Step 10 of specimen preparation 
3.7 Test Set-up and Instrumentations 
Figure 3-22 shows the overall experimental set-up which made use of a new innovative 
horizontal impact testing system (HITS), designed, constructed and installed on the strong floor 
of Banyo structures laboratory, Queensland University of Technology (QUT).  
The rig is a repeatable, compact, efficient and cost-effective impact testing system, which 
greatly assists in collection of data on the fundamental behaviour of structural members 
subjected to impact loading. It requires less space than the drop-weight test unit or pendulum 
rig and hence, it is a better choice where laboratory spaces are limited.  With this rig, specimens 
of different length and cross-sectional shape and geometry can be tested under a combination 
of axial loading and lateral impacts. The impact rig allows the use of interchangeable impact 
heads and variation in impact angle, impact energy (i.e., mass and velocity of impact), support 
condition of the specimen and the level of axial pre-loading. The rig includes a pneumatic 
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instrumented striker, an axial pre-loading frame, specimen supports system, a control box, and 
data measuring instruments. The following sections provide detailed description of key 
components of the rig and test set-up. 
Figure 3-22: General impact test set-up 
3.7.1 Pneumatic horizontal striker 
The horizontal striker used in this study is shown in Figure 3-23. It is 3.3 m long, 0.83 m wide 
and 0.84 m high, powered by compressed air which is kept inside an enclosed pressure vessel 
and designed to have the capability of propelling an impact mass of up to 325 kg to a maximum 
velocity of 8 m/sec at full capacity, providing a kinetic energy of 10.40 kJ. The striker includes 
a frame, guide rails, an impact carriage, an impact head, ballasts, an actuator, a locking device, 
a crush shaft, and an Aluminium crush tube. Additionally, the pneumatic striker is equipped 
with an efficient control system to ensure its safe operation. 
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Figure 3-23: Pneumatic horizontal striker 
3.7.1.1 Frame 
The frame forms the base of the horizontal impact-testing rig and is constructed from steel 
rectangular hollow sections and two C-channels. It is firmly fixed in place via two anchors, 
which are bolted to the strong floor, to increase the rig stability. The frame is 3.3 m long and 
0.83 m wide. 
3.7.1.2 Guide rails 
Two parallel guide rails provide supports for the impact carriage. The rails are made of steel 
square sections and are connected to the frame as well as a gusset plate connecting the pressure 
vessel to the frame. They are 0.48 m apart and 2 m long.  
3.7.1.3 Impact carriage 
The impact carriage (Figure 3-24) is the only movable component of the striker. It is propelled 
by expansion of the air-spring bellows, utilising the energy stored in the pressure vessel. It is 
constructed from steel rectangular hollow sections. The impact carriage is 1.56 m long, 0.4 m 
wide and 0.4 m high, supported on the guiderails by six sets of three bearings: two bearings 
provide vertical supports and one bearing provides horizontal support. As such, the motion of 
the impact carriage is limited to a single translation degree of freedom. The impact head, the 
ballast, and the crush tube are all installed on the impact carriage. 
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Figure 3-24: Impact carriage of the horizontal striker 
3.7.1.4 Impact head 
The impact head functions as the contacting body that impacts with the test specimen. It is 
attached to the end of impact carriage by four mounting bolts. The striker allows utilisation of 
two different impact heads: (i) bullhorn nose and (ii) curved. Figure 3-25 shows the dimensions 
of the curved impact head used in this experimental testing. Both of the impact heads are 
toughened by heat treatment. The impact head used in this study did not show any sign of 
plastic deformation throughout the test program. 
 
 
  
 
 
(a) Isometric view (b) Side view (c) Plan view 
Figure 3-25: Dimensions of the curved impact head 
3.7.1.5 Ballasts 
The ballasts or additional masses (Figure 3-26) are used to control the mass of the impact body. 
The masses are in the form of modular steel plates located immediately behind the impact head 
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using a M20 threaded rod and a M20 fixing nut. Knowing the mass of the impact carriage 
including the instrumentations housed in it (103.80 kg), the mass of the impact head (56.28 
kg), the threaded rod (0.55 kg) and the nut (0.068 kg), the additional masses were employed to 
obtain 262 kg, which was used in this experimental testing. 
Figure 3-26: Ballasts installed on the impact carriage 
3.7.1.6 Actuator 
The actuator (Figure 3-27), which acts to accelerate the impact carriage along the two parallel 
guiderails, consists of a pressure vessel and an attached set of air-spring bellows. The pressure 
vessel and the bellows form one continuous cavity, acting in effect as an expandable pressure 
vessel. The cylindrical pressure vessel is made of steel, bolted to a steel gusset plate, which is 
attached to the frame. The vessel is designed to contain up to 8 times the normal atmospheric 
pressure (i.e., 8 bar). The rubber bellows are attached at one end to the impact side of the 
pressure vessel and at another end to a steel plate, which seals the expandable pressure vessel. 
The maximum expansion of the bellows is in order of 200 mm. The expansion of the bellows 
is restricted by a steel shaft attached at one end to the steel plate, which terminates the bellows, 
and at the other end to the locking device. Immediately before firing of the striker, the bellows 
must be retracted and the impact carriage must be located at firing or home position. In other 
words, the rear face of the impact carriage should be flush and in contact with the end face of 
the steel plate attached to bellows. Upon release of the locking device, the pressured air within 
the vessel rapidly expands the bellows, causing to propel the impact carriage towards the test 
specimen. Extra air contained in the pressure vessel after firing is expelled via an exhaust 
system located underneath the vessel. This exhaust system features a muffler to alleviate the 
sound. 
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Figure 3-27: Actuator with pressure vessel and air-spring bellows 
3.7.1.7 Crush shaft and crush tube 
The steel crush shaft (Figure 3-28) acts to limit the travel of the impact carriage. This shaft is 
attached to the steel plate, which terminates the air-spring bellows and can travel through the 
impact carriage via a designated slot at the rear-most side (i.e., non-impact end) of the impact 
carriage. The shaft allows the impact carriage to freely travel a distance of 555 mm. The 
aluminium crush tube (Figure 3-28) is designed to crush and absorb the remnant kinetic energy 
of the impact carriage once the carriage has travelled the maximum length of the steel shaft. 
The tube is located on the crush shaft at the non-impact end of the carriage, between two steel 
collars.  The diameter of the tube is 50 mm. It is 230 mm long and 2.8 mm thick. 
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Figure 3-28: Crush shaft and crush tube 
3.7.1.8 Locking mechanism 
The locking device (Figure 3-29) consists of a steel shaft and a commercial quick release device 
(SeaCatch TR11-Air). The shaft is connected at one end to the steel plate, which terminates the 
bellows and features a shackle to fit to the quick release device on the other end. The shackle 
is locked in the jaws of the release device before filling of the pressure vessel. The quick release 
device has an over-centre cam toggle, to ensure that the load is not prematurely released. Once 
the pressure vessel is filled to the desired pressure, a pneumatically actuated pin moves the 
over-centre cam upwards which results in opening of the jaws of the quick release device, 
releasing the shackle and hence the belows. 
(a) Plan view 
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(b) Side view  
Figure 3-29: Locking mechanism 
3.7.1.9 Control and safety mechanism 
The high-energy levels present in the horizontal striker necessitate an efficient control system 
for its safe operation. The control of the striker is mainly achieved by using a custom-built 
LabVIEW program running on a dedicated laptop. The LabVIEW program manages the 
pneumatic system, which controls the filling of the pressure vessel and the operation of the 
quick release mechanism.  
A compressed air line is connected to the pneumatic system, which fills the pressure vessel and 
operates the quick release mechanism, to supply the pressurized air. This compressed air line 
is regulated to have a maximum of 7 bar gauge pressure. A number of pneumatic valves, 
operated by the LabVIEW program, are employed to control the air supply. 
In order to start filling the pressure vessel, key conditions for the safe operation of the striker 
must be satisfied. These conditions were as follows: 
x Air-spring bellows had to be fully retracted by a physical toggle, which operated an air 
extraction valve, creating a negative gauge pressure in the pressure vessel. 
x Shackle must be secured into the quick release mechanism. 
x Impact carriage had to be located at firing position.  
x Aluminum crush tube should be present. 
x Safety pin had to be removed from the quick release mechanism. 
These conditions are detected by a number of proximity sensors as shown in Figure 3-30. Once 
Quick release device 
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all these conditions are met the LabVIEW program allows initiation of the pneumatic system 
and the pressure vessel becomes ready to be filled. A siren starts to sound and a warning light 
begin to light up on the control box as audio-visual alarm system signaling a pressurized 
condition in the vessel.  
Figure 3-30: Location of proximity sensors used for safe operation of the striker 
The filling of the pressure vessel is controlled by the LabVIEW program. The program allowed 
real-time reading of the pressure, and stopped filling the vessel when the desired pressure is 
achieved. The pressure vessel is fitted with two pressure relief valves, which would release 
pressure in circumstances such as loss of power to the control system and over-pressurization 
of the vessel. 
The control and safety systems of the striker are designed so that a trained person could safely 
operate the system, without extensive requirements for system setup and procedure generation. 
Layers of fail-safe mechanisms such as the dual firing buttons, proximity sensors, safety pin 
and aluminum crush tube, greatly help preventing accidental firing of the striker.  
3.7.2 Axial pre-loading frame 
The schematic view of the axial pre-loading frame is shown in Figure 3-31.  
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Figure 3-31: Schematic view of axial pre-loading frame 
The axial pre-loading frame is capable of applying compressive axial load of up to 1500 kN to 
the specimens. It can accommodate specimens with different cross-sectional shape and 
maximum size of 310 mm. The height of the axial pre-loading frame is adjustable to conform 
to impact test requirements. 
The axial pre-loading frame includes two end caps, a ram cap at the hydraulic ram side, a plain 
cap or fixed support frame (depending on the required support conditions) at non-ram side, a 
set of self-reacting system of disc-springs, and two tension-rods. When a fixed support is 
required at the non-ram side, the fixed support frame of the axial pre-loading frame can be 
coupled with the specimen supports system to provide such condition.  
The axial pre-loading frame is suspended at each end through the top tension-rod by a steel 
hanger. This hanger is connected to a gantry via a gantry trolley. The provision of the gantry 
trolley is to allow adjustment of the distance between the axial pre-loading frame and the 
supporting frames, which may be required depending on the specimen cross-sectional 
dimensions. The gantry is constructed from a steel universal beam (200UB18.2) and bolted to 
a steel universal column that is fixed to the strong floor via a base plate. 
In this experimental program, simply supported condition was chosen for both ends of the 
specimens and therefore, the plain cap was used at the non-ram side. The height of the axial 
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loading frame from the strong floor was adjusted so that vertical centre of the horizontally 
mounted specimen was in-line with the vertical centre of the impact head of the striker. The 
height of the initial contact between the impact head and the specimen was 640 mm above the 
floor surface. 
3.7.2.1 Specimen end caps 
The specimen end cap (Figure 3-32) functions to centre the specimen with respect to the 
hydraulic ram, transfer the generated axial load to the specimen ends and distribute it across 
different geometrical shape and dimensions of specimen cross-section chosen for a particular 
experiment.  
  
(a) Ram side (b) Non-ram side 
Figure 3-32: Specimen end cap in the test assembly 
The end cap consists of two main components: a steel boss and a steel square cap, welded 
together (Figure 3-33). Whilst the boss centres the specimen with respect to the hydraulic ram 
and transfers the axial load to the cap, the cap distributes the load to the specimen end. The cap 
allows accommodating a specimen with any cross-sectional shape with maximum size of 310 
mm.  
The specimen end cap is bolted to the reaction plate, which is welded to the specimen end plate. 
The boss of the specimen end cap at the ram side of the axial pre-loading frame is placed on a 
saddle support located on the ram cap and the boss of the specimen end cap at the non-ram side 
of the axial pre-loading frame is placed on a saddle support located on the plain cap.  
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(a) Isometric view 
 
(b) Side view 
 
 
 
(c) Plan view 
Figure 3-33: Schematic view of end cap 
3.7.2.2 Ram cap and plain cap 
The ram cap (Figure 3-34a) and plain cap (Figure 3-34b) create tension in the tension-rods 
upon expansion of the 1390 kN hydraulic ram, which is fixed in the ram cap via three cradles. 
These steel caps (i.e., ram and plain caps) are located at two sides of the specimen. They have 
one slot at the top and one slot at the bottom so that the two parallel tension-rods can be inserted 
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and held in place. The ram cap has a designated slot at the middle section so that the plunger 
of the hydraulic ram can travel through and apply the axial load to the specimen end cap.  
  
 
(a) Ram cap 
 
 
 
 
(b) Plain cap 
Figure 3-34: Ram cap and plain cap 
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3.7.2.3 Tension-rods  
Axial tensioning of the two parallel tension-rods creates compressive axial load onto the two 
specimen ends. These steel rods are located on either side (i.e., top and bottom) of the specimen 
and passed through the ram cap at ram side end and the plain cap at the other end (i.e., non-
ram side). The tensile yield strength of the rods is 460 MPa. They are 4.9 m long and have a 
diameter of 65 mm. 500 mm length of these rods is threaded at each end. An M64 nut is inserted 
on the threaded section of each rod at each end and tightened in place. The location of these 
nuts on the threaded section of the tension-rods can be adjusted using steel spacers, which are 
available in two different lengths of 160 mm and 320 mm. The spacers have an outside diameter 
of 95 mm and wall thickness of 28 mm. Upon travel of the plunger of the hydraulic ram towards 
the specimen through the plunger slot on the ram cap, the rods start to be tensioned. The 
tensioning of the rods creates a compressive axial load at both ends of the specimen, which is 
distributed across specimen cross-section by the specimen end cap.  
3.7.2.4 Disc-springs 
Bridge piers and building columns always bear axial loads induced by live load and dead load 
of deck or slab prior to an impact event. This axial load could be regarded as almost constant 
during the whole impact process (Wang, Han, & Hou, 2013; Zeinoddini, Parke, & Harding, 
2002). Therefore, in order to create a condition which is as close as possible to reality, the test 
rig had to be capable of applying the axial pre-loading and maintaining it, as far as practically 
possible, during the impact.  
A preliminary impact tests conducted prior to actual impact tests showed the tension-rods only 
recover a portion of the loss in axial load caused by column axial shortening under lateral 
deflection. Similar observation was reported in (Feyerabend, 1988) in which the axial load was 
applied by pulling the free sliding end of the specimen via external pre-stressing bars, located 
on either sides of the member, towards the stationary end of the specimen. Therefore, a set of 
self-reacting system of disc-springs was introduced into the axial loading frame. The steel 
60Si2Mn annular disc-springs had an outer diameter of 125 mm, an inner diameter of 67 mm, 
and a thickness of 8 mm. They were stacked on the tension-rods between the ram cap and the 
nut at the ram cap side of the specimen.   
 
 
Chapter 3: Experimental Set-up and Procedure                                                                         79                                                                      
 
The springs were assembled in two different arrangements. For the second and third test series, 
twelve sets of two parallel disc-springs in series (i.e., a total number of 24) were used on each 
tension-rod. As shown in Figure 3-35, a single stack of this arrangement would be able to apply 
the axial load of more than 100 kN in the linear part of the disc-spring behaviour. Therefore, 
the two parallel stacks of this arrangement located on the two parallel rods, would be able to 
apply the axial load of more than 200 kN. In the fourth test series, the applied axial load was 
400 kN.  Therefore, another arrangement of springs was required to achieve the specified level 
of axial load. This second arrangement involves six sets of four parallel disc-springs in series 
(i.e., a total number of 24) placed on each tension-rod. As shown in Figure 3-35, a single stack 
of the latest arrangement was capable of applying more than 200 kN of axial load. As a result, 
the two parallel stacks were able to attain more than 400 kN of load.  
Figure 3-35: Different arrangements of single stack of disc-springs and their resulting 
characteristics 
In order to obtain the force-displacement profile of a single stack of each arrangement, the 
stack was placed between two steel compression platens. The upper platen was circular in 
shape, had a diameter of 205 mm and a thickness of 50 mm and was bolted to the load cell. 
The lower platen was also circular in shape, had a diameter of 220 mm and a thickness of 
20mm. It was welded to a column, firmly standing on the strong floor providing for stable 
boundary conditions. The compressive axial load was applied using hydraulically driven Moog 
ram with a capacity of 500 kN until the load reached to the value required to be applied to each 
stack during impact tests. Using a displacement control method, the loading was increased 
continuously and without shock at a rate of 1 mm/sec. The load was measured continuously at 
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a frequency of 1 Hz using a 450 kN load cell (Interface 1040). The axial displacement of the 
stack was measured using a displacement transducer, which was integrated with the ram. The 
rate of measurement of displacement was 1 Hz. The test set-up is shown in Figure 3-36. 
Figure 3-36: Test set-up to obtain force-displacement profile of a single stack of disc-springs 
3.7.3 Specimen supports system 
The specimen supports system can provide either simple support condition at both specimen 
ends or simple-fixed supports condition, where simple support is located at the ram side and 
fixed support is located at the non-ram side. For the latter, the fixed support frame of the axial 
pre-loading frame should be coupled with the specimen supports system to provide such 
condition. The height of the specimen supports system is adjustable to conform to the impact 
test requirements. 
3.7.3.1 Reaction plate 
A reaction plate located at each specimen end provides a support for the specimen in the 
direction that is parallel and opposite of the lateral impact force. The reaction plates connect 
the specimen ends to the end cap. Each 10-mm thick steel reaction plate is bolted to the 
specimen end cap, welded at one end to the specimen end plate and bolted at the other end to 
a reaction load cell that is in turn clamped from top and bottom to the steel universal column 
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Load cell 
Ram 
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as part of the supporting frame. The location of the reaction plate in the test set-up and its 
dimensions are shown in Figure 3-37.  
(a) Location of reaction plate in the test set-up 
  
(b) Dimensions of reaction plate 
Figure 3-37: Reaction plate location and dimensions 
3.7.3.2 Supporting frames 
The steel frame (Figure 3-38) located at either side of the specimen, provides stability and 
stiffness in the direction of the impact. It includes two universal steel columns and two steel 
lintels. One of the lintels is bolted to columns at the impact height and the other one is bolted 
to columns at top. Each column is fixed to the strong floor via a steel base plate. Whilst the 
dimensions of the columns and the base plates are provided in Figure 3-39, the dimensions of 
the lintels are shown in Figure 3-40.  
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Figure 3-38: Supporting frame assembly at ram side 
Figure 3-39: Dimension of universal columns and base plates 
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Figure 3-40: Dimensions of lintels 
3.7.4 Control box 
The movable control box (Figure 3-41) is detached from the horizontal striker and the axial 
loading frame and is located at the rear end of the rig. It houses the electronics required for the 
safe operation of the impact testing rig, as well as the electronics of a high-speed data 
acquisition system from National Instruments, which was employed to digitise the output 
signals and to read, write and process the data from the data measuring instruments. 
Additionally, the control box features an audio-visual alarm system, which functions prior to 
the impact rig firing. The operation of the control box, and hence the function of the impact-
testing rig, is controlled by a custom LabVIEW application running on a dedicated laptop.  
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Figure 3-41: Control box 
3.7.5 Data measuring instrumentations 
The impact testing system features a suite of instrumentation to provide data, which was used 
to determine the kinematics of the impact carriage, measure the gauge pressure in the pressure 
vessel, and obtain the dynamic response of the CFDST columns. In the process of selecting 
suitable instrumentation in the impact testing, consideration was given to the physical test set-
up, mechanical properties of both the horizontal striker and the CFDST columns, and the 
desired outcomes of the testing. The results obtained from the preliminary numerical model of 
axially pre-loaded CFDST subjected to lateral impact were used to determine the measuring 
range of instrumentation. Where necessary or practical, more than one instrumentation methods 
or measuring apparatus were employed to record the kinematics of the impacting carriage as 
well as the dynamic response of the CFDST columns to increase the confidence in results. A 
summary of data measuring instruments used in the impact testing system are contained in 
Table 3-9. 
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Table 3-9: Summary of instruments used in the horizontal impact testing system 
Instrument Units Parameter measured Number 
Test series in 
which the 
instrument was 
used 
Ceramic pressure 
transmitter bar 
Analogue gauge 
pressure in pressure 
vessel 
1 All test series 
Proximity sensor and 
encoder rail volts 
Digital displacement of 
impact carriage 
1 All test series 
String potentiometer mm Analogue displacement of impact carriage 
1 All test series 
200 g single-axis 
accelerometer g 
Analogue acceleration 
of impact carriage 
1 
Test series 1 and 
test series 2 
400 g single-axis 
accelerometer g 
Analogue acceleration 
of impact carriage 
1 
Test series 3 and 
test series 4 
2000 g single-axis 
accelerometer g 
Analogue acceleration 
of impact carriage 
1 
Test series 3 and 
test series 4 
300±150 mm laser 
displacement sensor mm 
Analogue displacement 
of CFDST column 
2 
One of them used 
in all test series 
and the other one 
used in test series 
2, test series 3 and 
test series 4 
50±25 mm laser 
displacement sensor mm 
Analogue displacement 
of CFDST column 
2 
One of them used 
in all test series 
and the other one 
used in test series 
1 
±450 kN tension-
compression reaction 
load cell 
N Analogue reaction force of CFDST column 
2 All test series 
1500 kN 
compression axial 
load cell 
N Analogue axial force on CFDST column 
2 
Test series 2, test 
series 3 and test 
series 4 
High-speed camera - Digital images of impact process 
1 All test series 
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3.7.5.1 Ceramic pressure transmitter 
A ceramic pressure transmitter (Model BCM 130C) was mounted on the pressure vessel 
(Figure 3-42) so that the gauge pressure could be actively monitored via the LabVIEW control 
program. The output of the pressure transmitter was calibrated against the readings of a 
physical gauge attached to the vessel. 
The gauge pressure was one of the key parameters which characterize the kinematic of the 
impact carriage. The velocity of the impacting carriage was effectively a function of the 
carriage mass and the gauge pressure within the pressure vessel. A number of tests were 
performed prior to conducting the impact experiments to determine the appropriate gauge 
pressure for achieving the desired initial impact carriage velocity of 7.8 m/sec for the chosen 
impact mass of 262 kg. 
Figure 3-42: Mounted ceramic pressure transmitter 
3.7.5.2 Proximity sensor and encoder rail 
A fixed inductive proximity sensor (NBB0, 8-5GM25-E0) in combination with a toothed steel 
encoder rail was employed (Figure 3-43) to provide a digital measure of the carriage 
displacement-time history during different impact phases. The results were later used to obtain 
velocity-time history of the impact carriage. The encoder rail was mounted on the carriage and 
spans the entire length of the box frame of the carriage. The encoder teeth had a fixed width of 
5 mm and were equally spaced at the distance of 5 mm. The proximity sensor was placed on 
the fixed section of the striker and vertically faced the encoder rail. When the impact carriage 
accelerated, the steel teeth changed the current flowing through the proximity sensor via a 
Pressure 
transmitter 
Pressure 
vessel 
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change in the magnetic field. The changes in the current were output from the proximity sensor 
as binary signals. With the proximity sensor, the displacement resolution that could be achieved 
was 10 mm, which was the distance between two succeeding similar teeth edges (e.g., a 
leading-edge of a tooth to the leading-edge of an adjacent tooth). Knowing the distance between 
similar teeth edges and the time at which the current changes, the displacement-time history of 
the impact carriage could be obtained. Also, by knowing the distance between two succeeding 
similar teeth edges and the rate of change in the current, the velocity-time history of the impact 
carriage could be determined. 
Figure 3-43: Proximity sensor with encoder rail 
It was essential to ensure that the teeth of the rail lay horizontal at the detectable range of the 
proximity sensor, which was 0.8 mm. Therefore, the spacing washers were used where the rail 
was mounted to the frame of the carriage, to obtain the required consistent gap between the 
teeth and the proximity sensor.  
3.7.5.3 String potentiometer 
The string potentiometer (Model Firstmark Controls 62-55-8442) is a position transducer used 
to measure the analogue impact carriage displacement. Results were later used to derive the 
carriage velocity in different phases of the impact. The string potentiometer consists of a 
stainless steel flexible cable and a spring-loaded spool (Figure 3-44). A torsional spring is 
coupled with the spool to sustain the tension in the cable. When the cable extends or retracts, 
the spool and shaft sensor rotate. The rotation of the shaft creates an electrical signal 
Encoder rail 
Proximity sensor 
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proportional to the linear extension of the cable, allowing to measure the displacement of the 
carriage. All the components were kept inside a stainless steel housing. The potentiometer 
housing was mounted to a beam on the impact end of the fixed frame of the striker, with the 
moving end of its string latched onto the rear of the carriage. The string was at maximum 
extension when the carriage was at the home position and retracted into the potentiometer 
housing as the carriage was displaced forward. This arrangement of the potentiometer would 
ensure that the carriage sudden deceleration during impact would result in an increase in the 
tension of the wire, rather than inducing a compression wave in the wire.  
Figure 3-44: Mounted string potentiometer 
The signals from the string potentiometer featured noises when the carriage was static (in order 
of 0.5 mm) or in the move. This was attributed to the mechanical vibration of the carriage, wind 
and minute movement of the ground surrounding the rig.  A simple moving average filter was 
applied to the raw signal to attain useable results. The filtered displacement measurement from 
the potentiometer was then used to obtain the velocity of the carriage. Section 3.9 explains in 
details how the filtering of the results was carried out. 
The output of the string potentiometer was calibrated based on the maximum distance that the 
carriage can travel freely (555 mm).  
3.7.5.4 Accelerometers 
Accelerometers were employed to measure the acceleration of the carriage during impact. 
Based upon the relative rigidity of the impact head in comparison with the CFDST columns, 
the acceleration and mass of the carriage were used to determine the impact force. The 
accelerometers were housed in a protection box installed on the threaded rod, located at the 
centre of the rear side of the impact head and directly and firmly connected to the impact head 
String String 
potentiometer’s 
housing 
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(Figure 3-45). Although the accelerometers were mounted in a location to alleviate noise due 
to environmental vibrations, a significant amount of noise was still observed in its signal. The 
noise found in the signal was mainly due to vibrations in the box frame of the impact carriage. 
In the first and second test series, a single axis accelerometer module, Model Silicon Designs 
2260-200 with input range of ±200 g was used. However, during these tests, the accelerometer 
exceeded its measureable range due to the noises in the signal, resulting in missing data. 
Therefore, in the rest of the tests, two other accelerometers with larger input range were used 
to overcome this issue. In the third and fourth test series, a single axis accelerometer module 
(Silicon Designs 2260-400; carefully designed to avoid resonance) with input range of ±400 g 
and a single axis accelerometer module (Meggitt 7264D; 40 kHz resonant frequency) with 
input range of ±2000 g were employed. A simple moving average was utilized to filter the high 
frequency noise from the results obtained from these latest accelerometers. Section 3.9 explains 
in details how the filtering of the results was performed. It should be noted that in test 
CFDST4B, no usable data could be obtained from 2000 g accelerometer due to an instrument 
malfunctioning.  
Figure 3-45: Accelerometers housing located at centre of the rear side of impact head 
The calibration for the accelerometers was supplied by the manufacturer. The accelerometers’ 
reading was checked to ensure that it could provide readings of ±1.00 g when the measurement 
axis of the accelerometers was aligned with the gravity of Earth.  
3.7.5.5 Laser displacement sensors 
Three laser displacement sensors (LDSs) were employed in all tests to measure the global 
displacement of the CFDST columns at different locations along their length and provide an 
Impact head 
Accelerometers’ housing 
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indication of their curvature. These LDSs were positioned at the rear of the columns (i.e., non-
impact side). The LDSs were Model Omron ZX1-LD300A61 with measuring range of 300 
±150 mm and resolution of 30 µm and Model Micro-Epsilon 1402-50 with measuring range of 
50 ±25 mm and resolution of 5 µm. In all tests, one LDS with the measuring range of 300 ±150 
mm was used at the impact point. In the first test series, two of LDSs with measuring range of 
50 ±25 mm were used at 1/4 and 3/4 of column length away from support #1 (see Figure 3-46). 
However, during the test, these two LDSs exceeded their measuring range. Therefore, in the 
rest of the tests, new arrangements were made using the available LDSs to overcome this issue. 
An LDS with the measuring range of 300 ±150 mm was used at the column mid-span in the 
third series of tests, and at 3/4 of column length away from support #1 in the rests of the tests 
(i.e., test series 2 and 4). Additionally, an LDS with measuring range of 50 ±25 mm was used 
at 1/8 of column length away from Support #1 in the second, third and fourth test series. The 
location of LDSs in the fourth test series is shown in Figure 3-46. The location of LDSs at non-
impact point was chosen for each test based on the LDS’s measuring limit and space constraints 
in the tests. 
 
 
 
 
 
 
 
Figure 3-46: Laser displacement sensors and their locations along the column in test series 4 
Two-point calibration method was used to calibrate the LDSs. Each LDS was placed at a 
particular distance from an object with a smooth surface. The distance was then measured with 
a vernier calliper and the value was input in to the LabVIEW program. The LDS was then 
LDS#1, located at 1/4L 
LDS#2, located at impact 
point 
LDS#3, located at 3/4L Support # 1 (ram side) 
Support #2 
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placed at another distance from the same object and the distance was again measured with the 
vernier calliper and the value was input to the program. 
3.7.5.6 Reaction Load Cells 
Reaction force is considered as one of the key structural responses and should be recorded 
during the impact to be able to gain an in-depth understanding of the structural behaviour 
during impact. Once the striker hits the column, the kinetic energy of the striker is partly 
transferred to the column and partly stays within the striker in the form of elastic strains and 
vibrations. The energy that is of the main concern is the energy that is received by the column 
and causes bending. Integrating the area under the bending load versus the load-point deflection 
curve can approximate this energy. However, the impact force at the contact surface of the 
striker and the column does not represent the true stressing or the true bending load due to the 
existence of the inertial effects. In this situation the true bending load can be estimated by 
finding the total reaction forces. Despite the important role of reaction forces in determining 
the lateral impact behaviour of structural members, very limited studies recorded the reaction 
forces during the impact. These studies made use of compression load cells to measure the 
reaction forces (Deng, Tuan, & Xiao, 2012; Feyerabend, 1988). However, the results of the 
study conducted by the author using the preliminary finite element model of CFDST columns 
subjected to lateral impact loading showed that reaction forces change their directions during 
impact. Therefore, compression-tension load cells were employed in the tests to measure the 
reaction forces.  
The two fabricated 450 kN tension-compression load cells (Figure 3-47) were located at 
specimen ends. Each load cell consisted of a base plate (or measuring plate) to mount the strain 
gauges, four stain gauges, a protection box, and a clamping plate. The base plate was made of 
high tensile steel and designed to remain elastic during impact tests. It had a single hole drilled 
through it and welded at 90 degrees to a steel clamping plate. The dimensions of the base plate 
and the location of the hole are shown in Figure 3-47. Four strain gauges (TML FLA-3-350-
11-1L) with 3 mm gauge length, 350 Ω resistance and 2.08 gauge factor, were arranged in a 
full bridge circuit inside the rim of the base plate hole. Two of these strain gauges were 
measuring gauges and were located inside the rim of the hole where the stress vectors were 
tangential to the hole. The other two strain gauges were temperature compensating reference 
gauges and were located in the opposite direction of the measuring gauges. This full bridge 
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offered excellent sensitivity and minimized adverse effects due to temperature changes. The 
strain gauges were housed in a shield to protect them from damages. The steel clamping plate 
was 180 mm wide, 340 mm long, and 20 mm thick. The load cell was bolted to the reaction 
plate through its base plate and clamped from top and bottom to the universal column of the 
supporting frame via the clamping plate. The load cells were calibrated statically using Instron 
testing system.  
(a) Location of the load cell in the test set-up  
 
 
 
(b) Isometric view of reaction load cell (c) Dimensions of the base plate and location 
of the drilled hole 
Figure 3-47: Reaction load cell used in the impact tests 
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3.7.5.7 Axial load cells 
Two fabricated 1500-kN compression axial load cells, both located at the ram side of the axial 
pre-loading frame, were employed to measure the axial load (Figure 3-48). 
Figure 3-48: Axial load cells in the test set-up 
Each load cell was fitted with two strain bridges (i.e., half bridges) located on the boss of the 
specimen end cap. One of the load cells uses TML FLA-3-350-11-1L strain gauges with 3-mm 
gauge length, 350 Ω resistance and 2.08 gauge factor and the other load cell uses BCM Sensor 
Technologies SB2-350-P-3 (semiconductor gauges) with a resistance of 350 Ω and a gauge 
factor of 150. The strain gauges of both load cells were protected by a shield. The load cells 
were calibrated statically in the test set-up shown in Figure 3-49. The end cap was placed 
between two compression platens, one of which was located at the top of the end cap and bolted 
to the load cell and the other one was located underneath the end cap and welded to a column 
stood on the strong floor. The axial compressive load was applied using hydraulically driven 
Moog ram with a capacity of 500 kN. Using a displacement control method, the loading was 
increased continuously and without shock at a rate of 1 mm/sec. The load was measured 
continuously at a frequency of 1 Hz using a 450 kN load cell (Interface 1040). The load was 
applied until it reached 425 kN, which deemed sufficient for the impact tests in this study. 
Axial load cells 
located in the 
protection box 
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Figure 3-49: Test set-up for calibration of axial load cells 
3.7.5.8 High-speed camera 
A high-speed camera was employed to closely monitor the behaviour of the columns at the 
impact zone. The camera was X-Stream™ XS-4, a high-speed video recording system capable 
of recording 5145 frames/sec at full resolution of 512H×512V pixels. It was equipped with the 
Computer 8-mm F1.4 MO814-MP lens to capture the dynamics of the event. The camera could 
capture black-and-white sequential images, process and compile them into a video file. XS-
Vision image acquisition and processing software was employed to acquire the data from the 
camera.  
The camera was mounted on a scissor-lift and its location was manipulated by changing the 
location of the scissor lift platform. The tension-rod located at the top of the specimen did not 
allow positioning of the camera exactly above the specimen (90 degrees to the specimen). 
Therefore, the camera was positioned as close as practically possible to the top of the specimen. 
The vertical distance between the camera and the specimen was 1030 mm, which enabled 
delivering a good view of about 1000 mm of the length of the specimen at the impact zone. 
Two 1000-W halogen indoor lightings were used to illuminate the impact area, ensuring 
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optimal data acquisition. The halogen lights were located at the non-impact side of the 
specimen. The camera set-up is shown in Figure 3-50.  
Figure 3-50: High-speed camera set-up 
The sample rate was set to 1600 Hz. The recoding duration (i.e., time between firing the striker 
to finishing of the impact event) was set to one second considering the expected duration of the 
impact and the output resolution of the camera. 
3.8 Test Procedure 
Prior to conducting each test, the specimen was mounted horizontally to the axial pre-loading 
frame with the simple support system at both ends. The pneumatic horizontal striker was then 
positioned and bolted via two anchors to the strong floor at a particular location along the 
column specific to each test. 
Once the test set-up was ready, the axial load was gradually increased until it reached the 
specified value. The required gauge pressure for achieving the desired initial impact carriage 
velocity of 7.8 m/sec for the chosen impact mass of 262 kg (obtained from tests prior to the 
impact experiments) was then set in the LabVIEW program in the designated computer. To 
allow initiation of the pneumatic horizontal striker, the air-spring bellows were fully retracted, 
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shackle was secured into the quick release mechanism, impact carriage was located at the firing 
position, and safety pin was removed from the quick release mechanism. When the actuator 
was charged with compressed air to the desired level, the carriage was launched by pressing 
two fining buttons on the control box. Leaving the carriage from the firing position was 
detected by a proximity sensor, which triggered all the sensors including high-speed camera. 
Sensors data sampling was carried out from a multi-module high-speed data acquisition system 
from National Instruments. It allowed recording the data at every 40 μs (i.e., each channel could 
be recoded at frequency of 25 kHz) leading to a detailed reflection of the whole impact process.  
3.9 Experimental Data Preparation for Analysis 
As previously described in Section 3.7, the data acquired from the analogue sensors mounted 
on the carriage (i.e., accelerometers and string potentiometer) contained reasonable amounts of 
noise which could be mainly attributed to the mechanical vibration of the carriage. The 
proximity sensor produced digital output and was not therefore subject to noise. 
Reasonable results were needed to determine the velocity-time history as well as acceleration-
time history of the carriage and validate the numerical model of axially pre-loaded CFDST 
column subjected to lateral impact. It was essential that the raw data be filtered. Therefore, a 
simple moving average (i.e., a low pass finite impulse response (FIR) filter) was applied to the 
results using Equation 3-7. This filtering method is the premier for time domain encoded 
signals (Smith, 2003). 
 
                                                                                                                                Equation 3-7 
where f(t) is the filtered result at time t, g(k) is the unfiltered data at time k, M is the number of 
points in the average, and S is the rate at which the samples are taken. The filtering greatly 
helped smooth the string potentiometer data so that it could be used to obtain a meaningful plot 
of the carriage velocity-time history. Additionally, filtering helped to minimize the noise in the 
raw signals of accelerometers while ensuring that the velocity calculated from the filtered 
acceleration data would be in good agreement with the other sensors. In this study, M=101 was 
found to be appropriate.  
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Examples of the unfiltered and filtered plots of the data obtained from the 2000-g accelerometer 
and string potentiometer can be seen in Figure 3-51 and Figure 3-52, taken from test 
CFDST4A. It can be observed from Figure 3-51 that filtering greatly improved the acceleration 
results. The larger spikes in the unfiltered acceleration data are consistently mirrored, 
indicating that they are not true measurements of the carriage acceleration. Rather, the 
mirroring of the acceleration data indicates that the accelerometer is measuring the vibrations 
in the carriage frame.  
Figure 3-51: Unfiltered and filtered accelerometer data from test CFDST4A 
 
Figure 3-52: Unfiltered and filtered string potentiometer data from test CFDST4A 
As Figure 3-52 shows, the noise in the unfiltered signal from the string potentiometer is 
relatively negligible. However, the raw data still must be filtered to obtain sufficiently smooth 
results, used to calculate the carriage velocity.  
The velocity of the impact carriage at any given time, V(tn) was obtained from the proximity 
sensor’s results or the string potentiometers’ filtered results by calculating the travel distance 
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dl between time tn+1 and tn-1 and diving this distance by the travel duration dt as illustrated in 
Equation 3-8.   
1 1
1 1
( ) n nn
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l ldlV t dt t t
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                                                                                                                              Equation 3-8 
Additionally, the impact carriage velocity at any given time was obtained from the filtered 
results of accelerometers by integrating the acceleration, a (t), from t=0 to t=tn. In this study, 
trapezoidal rule was employed to approximate the integral.  
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  ¦³                                                                                             Equation 3-9 
Figure 3-53 shows an example of the raw voltage output from the proximity sensor. As 
mentioned in Section 3.7.5.2, with the distance between two leading edge of two succeeding 
teeth and the time between two consecutive voltage jumps, the velocity of the carriage could 
be calculated.   
Figure 3-53: Voltage signal of proximity sensor from test CFDST4A 
Whilst the filtered data from the accelerometers could be employed to obtain the velocity 
profile of the carriage, the results from the string potentiometer as well as proximity sensor 
could not be used to calculate the acceleration of the carriage as they did not have sufficient 
resolution. 
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3.10 Dynamic Characteristics of Test Specimens 
Natural frequencies of two CFDST specimens (i.e., CFDST4A and CFDST4B), as 
representative of all specimens, were measured to get an insight into the dynamic 
characteristics of the specimens. The frequencies were measured for the undamaged specimens 
at different levels of axial loading (i.e., 0 kN, 200 kN and 400 kN) and after the impact test, on 
the damaged specimens. Measurement was performed on the specimens mounted on the axial 
loading frame. The specimens were excited manually by a rubber mallet at the impact point. 
The in-impact plane response of an accelerometer (Silicon Designs 2260-050; input range of 
±25g) attached to the specimen on the opposite side of the impact point was recorded at a rate 
of 2 kSample/sec by a digital storage Oscilloscope (Owon smart DS7102 V).  
The test set-up is shown in Figure 3-54. Using the Oscilloscope, a Fast Fourier transformation 
(FFT) was performed to transform the time domain recorded responses to frequency domain 
responses. Figure 3-55 shows an example of FFT graphs obtained by the Oscilloscope.  
Figure 3-54: Test set-up for assessing the dynamic characteristics of CFDST columns 
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Accelerometer 
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Figure 3-55: FFT image obtained for CFDST column under axial load of 200 kN 
Table 3-10 contains the first two main frequencies of the undamaged specimens at different 
levels of axial loading and the damaged specimens. With an increase in the level of axial 
loading, both frequencies were increased. This indicates that the increase in the axial pre-
loading results in an increase in the stiffness of the specimen before impact. This may cause 
higher impact force and shorter impact duration in specimens with higher axial loading. The 
damaged specimens had lower frequencies compared to the undamaged ones. This indicates 
some loss of stiffness after impact. 
Table 3-10: First two main natural frequencies of CFDST specimens from FFT graphs in the 
dynamic tests 
 Axial load (kN) 
1st Frequency (Hz) 2nd Frequency (Hz) 
CFDST4A CFDST4B Average CFDST4A CFDST4B Average 
0 (Before impact) 36 34 35 281 277 279 
200 55 57 56 279 282 281 
400 58 60 59 298 276 287 
0 (After impact) 31 32 32 262 264 263 
3.11 Concluding Remarks 
Experimental preparation and set-up were presented in this chapter. It was described how the 
CFDST specimens were selected so that they could comply with the scope of this study, satisfy 
the constraints imposed in the experiment, and allow the columns to reach a plastic phase while 
maintaining stable response. Additionally, the chapter illustrated the test matrix used in the 
experimental program including the number of test series, number of tests in each series, and 
parameter combinations. Details of standard static steel tensile coupon tests, concrete 
50Hz 290Hz 
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compression tests, concrete tension tests and concrete density tests were delineated. These tests 
were carried out to obtain the actual properties of steel tubes and concrete core used in 
constructing the CFDST specimens. Furthermore, this chapter provided detailed description of 
the experimental set-up, key components of the innovative horizontal impact testing system 
used to conduct the lateral impact tests, data measuring instrument employed, and test 
procedure. The details on how the raw data from the sensors were processed to arrive at the 
results, which were required to analyse the behaviour of the columns and validate the numerical 
models, were provided. Finally, this chapter explained the details of the tests conducted to 
determine the dynamic characteristics of the specimens before and after impact. It was 
observed from the specimens’ dynamic characterises tests that an increase in the axial loading 
results in an increase in the natural frequencies of the undamaged specimens. This indicated 
that an increase in the axial pre-loading results in an increase in the initial (pre-impact) stiffness 
of the specimens. The damaged specimens had lower frequencies than the undamaged ones. 
This indicated some loss of stiffness after impact. 
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Chapter 4: Experimental Results and Analysis 
 
4.1 Introduction 
This chapter presents the results of the experimental study conducted on axially pre-loaded 
CFDST columns subjected to lateral impact loading. A total of eight tests were achieved using 
a novel horizontal impact-testing rig. The testing parameters include axial load level and impact 
location. The impact process observed during the tests by the high-speed camera and failure 
modes identified in the inspection carried out after the event are explained in details. 
Additionally, the velocity-time history of the carriage, time histories of impact force, total 
reaction forces, axial force and global deflection of the column and column permanent local 
buckling profile are presented. Test data were used to analyse and discuss the failure mode, 
peak impact force, peak reaction forces, column maximum and residual global deflection and 
column local bucking under the varied conditions. The results helped gain insight into the 
lateral impact behaviour and failure of axially pre-loaded CFDST columns and validate the 
developed numerical model. 
The data were recorded upon triggering of the sensors, which was immediately after the impact 
carriage leaving its home/firing location. The data from the time of initiation of contact between 
the CFDST column and the impact head were only necessary in investigating the impact 
response of the column. Therefore, only the data from the time of initiation of contact were 
used in the analysis and presented here. For simplicity, the time value in all the time-history 
results were adjusted and zero time represents 0.00308 sec before the initiating of contact rather 
than time of firing the carriage. 
4.2 Impact Process 
The video footage captured by the high-speed camera during the experimental impact was 
employed to investigate and comprehend the impact process. Figure 4-1 shows selected 
progressive images captured by high-speed camera during test CFDST4B, as an example. The 
impact head and the CFDST column move together after initiation of impact (t=0.00308 sec) 
and remain in contact until the column reaches its maximum global displacement (t=0.04371 
sec). Subsequently, the impact head and the column rebound. However, the impact head starts 
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to rebound at a faster velocity than the column, the bending stiffness of which slows down the 
rebound. The difference in the rebounding velocities between the column and the impact head 
reduces the contact area between them. Finally, at t=0.07256 sec, the impact head and column 
lose their contact, completely. After this point in time, the impact head continues to move in 
the opposite direction of the impact until the carriage reaches the home position and the column 
moves toward its original plane until it recovers the elastic portion of the deflection. In general, 
the impact process can be divided into two main stages of contact and separation. The contact 
stage is from the beginning of contact between the column and the impact head to the time 
when the column reaches its maximum deflection. The separation stage starts as soon as the 
column and impact head rebound and continues until completion of the impact event. 
(a) t=0 sec (0.00308 sec before impact)  
(b) t=0.00308 sec (time of initial contact between impact head and CFDST column) 
(c) t=0.04371 sec (time of maximum global deflection) 
(d) t=0.07256 sec (time of loss of contact between the impact head and CFDST column) 
(e) t=0.14000 sec (time of completion of impact event) 
Figure 4-1: Frames taken from the high-speed camera in test CFDST4B 
Impact head 
CFDST column 
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4.3 Carriage Velocity-Time History 
The carriage velocity-time history profile, in general, and the initial impact velocity, in 
particular, were considered the key data from each test for characterization of the impact as 
well as developing and calibration of the numerical model to simulate the experiment. 
Therefore, the data from the accelerometer, string potentiometer, and proximity sensor were 
recorded and analyzed to calculate the velocity of the carriage. Employing three methods to 
obtain the velocity minimized the risk of missing the data due to unforeseen issues such as 
instrument malfunctioning. When data were recorded successfully using more than one 
method, it also provided the benefit of comparing the results and hence improving the 
confidence in the results. As mentioned in Section 3.7.5.4, due to the overloading of the 200g 
accelerometer in the first two series (i.e., tests CFDST1A, CFDST2B, CFDST2B and 
CFDST2C) and malfunctioning of 2000g accelerometer in test CFDST4B, the velocity data 
from these sensors were lost. Additionally, malfunctioning of the proximity sensor in 
CFDST2B test resulted in the loss of the velocity profile. However, the spring potentiometer 
provided the data for all test series. 
Figure 4-2 shows an example of the comparison of carriage velocity profiles calculated from 
the accelerometer, string potentiometer, and proximity sensor in test CFDST4A when the data 
was obtained for all sensors. In general, a good correlation was found between the measurement 
methods. 
Figure 4-2: Carriage velocity-time history in test CFDST4A from proximity sensor, string 
potentiometer, and 2000g accelerometer 
 
 
106                                                                      Chapter 4: Experimental Results and Analysis 
  
 
Figure 4-3, Figure 4-4, Figure 4-5 and Figure 4-6 depict the velocity-time history calculated 
from the string potentiometer data recorded in test series 1, 2, 3 and 4, respectively. They reflect 
a good agreement between tests conducted within each particular series, confirming the 
repeatability of the tests. In test CFDST2B, due to electrical issues, the results were noisy 
during the impact and unreliable between 0.02 sec and 0.06 sec. However, the data could 
reasonably present the carriage velocity at time of initiation and completion of impact. 
Additionally, the average initial impact velocity in all the tests was found to be 7.8 m/sec. It 
can be observed from Figure 4-3, Figure 4-4 , Figure 4-5 and Figure 4-6 that once impact head 
contacts the CFDST column, the velocity of the carriage rapidly decreases until it reaches zero. 
This is when the lateral deflection of CFDST reaches its maximum. After this stage, the 
carriage rebounds in the opposite direction and towards the home position with a velocity 
considerably lower than the initial impact velocity. 
Figure 4-3: Velocity-time history obtained in test series 1 
Figure 4-4: Velocity-time history in test series 2 
 
Initial impact velocity 
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Figure 4-5: Velocity-time history in test series 3 
Figure 4-6: Velocity-time history in test series 4 
4.4 Failure Modes 
Post-impact inspections were carried out to identify the failure modes of the CFDST columns. 
Figure 4-7 shows the CFDST columns after impact. It can be observed from this figure that all 
CFDST specimens experienced global bending deformation failure. The increase in the axial 
load level (i.e., ratio between applied axial load and axial compressive capacity of the CFDST 
specimen) from zero in the first test series to 0.15 in the second series and 0.3 in the fourth 
series has increased the columns global buckling due to exacerbation of second-order bending 
effect. Furthermore, the columns global bucking is less significant in the third series where the 
axial load level is 0.15 and the impact location is off-center compared to the second series 
where the axial load level is identical to the third series and the impact location is at mid-span. 
In addition to the global buckling failure, local bucking was observed in all specimens at the 
point of impact. The column local buckling shape conforms to the shape of the curved impact 
head used. Figure 4-8 depicts the typical local buckling of the CFDST columns observed in the 
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tests.  
Figure 4-7: Global buckling failure of CFDST columns observed in the impact tests 
Figure 4-8: Typical local buckling failure of CFDST columns observed in the impact tests 
From inspection carrioed out after the impact events, it was discoverd that the reaction plates 
underwent permanent bending (or rotational) deformation in all tests as the column buckled 
globally. Figure 4-9 shows a typical bending deformation of reaction plates.  
Figure 4-9: Typical permanent bending deformation of a reaction plates in the impact test 
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In order to assess the concrete core and inner tube conditions after the tests, 500 mm of the 
outer steel tube at each side of the impact point (i.e., total cut length=1000 mm) was removed 
initially by an angle grinder with metalic blade and then the 1000-mm exposed concrete was 
detached from the steel inner tube using an angle grinder with dimond blade. Since this process 
was very labur intensive and expensive, it was decieded to investigate the concrete core and 
innre tube post-impact conditions only on represenattive specimens CFDST1A, CFDST2C, 
CFDST3B and CFDST4B. Figure 4-10 shows global buckling  as the faliure mode of inner 
tube in the test series. No evidence of local bucking was observed. The increase in the axial 
load level increased the inner tube global buckling. Additionally, the inner tube global buckling 
was less significant in the third test series where the impact location was off-center compared 
to the second series where the impact location was at mid-span.  
Figure 4-10: Global buckling failure of inner steel tube observed in the impact tests 
Figure 4-11 to Figure 4-14 demonstarte the failure modes of the concrete in the test series. 
Concrete dented at the impact point where the column local buckling occurred. The geomterical 
charactristics and shape of the dent were analogous to those of the local buckling of the column. 
It was observed in all the tests that in addition to the concrete dent, concrete cracks formed 
around the impact zones at the impact side and its counterpoint (i.e., non impact side).  
Figure 4-11 to Figure 4-14 also depic results of an investigation performed to characterise the 
cracks in terms of width and propagation length, defined here as the distance between the 
farthest visible cracks at either side of the impact point. Cracks are generally wider at the impact 
CFDST1A 
CFDST2C 
CFDST 3B 
CFDST4B 
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side compared to the impact counterpoint. However, the crackes propagated a  longer distance 
in the non-impact side compared to the impact side. The presence of axial load increased the 
propagation length and width of the cracks. Shifting the location of the impact from mid-span 
towards support, resulted in formation of wider crackes closer to the impact point (i.e., shorter 
propagation length) at impact side. In general, the integrity of concrete in other areas was fairly 
good owing to the effective confinement provided by the outer and inner steel tubes. 
(a) Broad view-Impact side 
(b) Close view-impact side 
(c) Close view- non-impact side 
Figure 4-11: Concrete core of CFDST1A after impact 
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(a) Broad view-Impact side 
(b) Close view-impact side 
(c) Close view-non-impact side 
Figure 4-12: Concrete core of CFDST2C after impact 
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(c) Close view-non-impact side  
Figure 4-13: Concrete core of CFDST3B after impact 
(a) Broad view-Impact side 
(b) Close view-impact side 
(c) Close view-non-impact side 
Figure 4-14: Concrete core of CFDST4B after impact 
4.5 Impact Force-Time History 
The impact force equals the mass of the impact carriage times the acceleration, measured by 
the accelerometers mounted on the carriage. The overloading of the 200g accelerometer in the 
first two series (i.e., tests CFDST1A, CFDST2B, CFDST2B and CFDST2C) resulted in loss 
of data. Therefore, in the rest of the tests, two accelerometers with input range of 400g and 
2000g were used to overcome this issue and to reduce the possibility of data loss. It should be 
 
0.35mm wide crack 0.35mm wide crack 
Impact point 
1000mm 
Dent 
Impact 
counterpoint 
point 
0.08mm wide crack 
545mm 
 
0.05mm wide crack 0.05mm wide crack 
522mm 
Impact counterpoint 
 
 
Chapter 4: Experimental Results and Analysis                                                                        113                                                                         
 
noted that in test CFDST4B, no usable data could be obtained from 2000g accelerometer due 
to instrument malfunctioning.  Figure 4-15 shows a sample comparison between impact force-
time histories obtained from the 400g and 2000g accelerometers.  In general, good agreement 
was found. 
Figure 4-15: Comparison of impact-time histories obtained from 400g and 2000g 
accelerometers in test CFDST4A 
Figure 4-16 and Figure 4-17 depict the impact force-time histories obtained in test series 3 and 
4, respectively. A good agreement exists between the impact force-time histories in the tests 
conducted within each series which verifies the repeatability of the results. In the impact tests, 
the impact force increases sharply to a peak value at the very beginning of the strike as the 
column accelerates from zero to a velocity approaching that of the impact head. This initial 
peak stage is then followed by some other spikes of smaller amplitudes. Fast changes of contact 
between the column and impact head caused by their severe vibrations at the first contact could 
be responsible for these spikes of smaller amplitude. After this vibration phase, the column and 
impact head move together and remain in contact, as observed by the high-speed camera 
(Figure 4-1). During this phase, the impact force reaches a plateau. Once the column reaches 
its maximum global displacement, the column and impact head rebound. This would be the 
end of plateau phase and beginning of unloading phase. In the unloading phase, also observed 
by the high-speed camera (Figure 4-1), the impact head rebounds faster than the column, the 
bending stiffness of which slows down the rebound. The difference in the velocity of 
rebounding between the column and impact head decreases the contact area and results in the 
unloading of the impact force. Finally, the impact force decreases to zero due to complete 
separation of the column and impact head.  
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Therefore, the impact force-time history consists of four major phases: initial peak phase, 
vibration phase, plateau phase and unloading phase. The first three phases in the impact force-
time history occur during the contact stage of impact process whilst the last phase occurs during 
separation stage.  
Figure 4-16: Impact force-time histories obtained based on results of 400g accelerometer in 
test series 3 
Figure 4-17: Impact force-time histories obtained based on results of 400g accelerometer in 
test series 4 
A summary of key results extracted from impact force-time histories is contained in Table 4-1. 
Fm is the initial peak force and ti is the impact duration. 
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Table 4-1: Key results extracted from impact force-time histories 
 Series 1 Series 2 Series 3 Series 4 
 CFDST1A CFDST2A CFDST2B CFDST2C Average CFDST3A CFDST3B Average CFDST4A CFDST4B Average 
Fm (kN) N/A N/A N/A N/A N/A 529.5 526.1 527.8 618.1 611.4 614.8 
ti (ms) N/A N/A N/A N/A N/A 42.20 42.30 42.25 56.30 57.50 56.90 
4.6 Total Reaction Force-Time History 
In this study, the total reaction force was obtained by adding the load cell readings from the 
two supports. Figure 4-18, Figure 4-19, Figure 4-20 and Figure 4-21 show the total reaction 
force-time histories in test series 1, 2, 3 and 4, respectively. These figures demonstrate a good 
agreement between the total reaction force-time histories in the tests conducted within each 
series which confirms repeatability of the results. Comparison of the impact force-time 
histories (Figure 4-16 and Figure 4-17) with the total reaction force-time histories measured in 
the same tests (Figure 4-20 and Figure 4-21) reveals that there is a time lag between the start 
of reaction force and impact force. This time lag can be explained by the fact that the stress 
waves take a finite time to travel the distance between the impact point and the supports.  
The reaction force changes direction throughout an impact event. When the impact force wave 
associated with the initial peak phase reaches the supports, the reaction force sharply increases 
to a peak value (i.e., initial peak tensile force). High acceleration of the column in this phase 
gives rise to an inertial force causing the inertial force to be larger than the impact force. 
Consequently, the resultant force is in same direction of the inertial force generating tensile 
reaction force at the supports. As soon as the impact force wave associated with the vibration 
phase arrives, the reaction force changes direction and reaches another peak value in the 
opposite direction (i.e., initial peak compressive force), which is then followed by other spikes 
of smaller amplitude. The change in the direction of the force could be due to reduction of the 
inertial effects caused by the column deceleration. After this phase, the total reaction force 
reaches a plateau (as observed in some tests), followed by a gradually decreasing phase until it 
approaches zero like that manifested in the impact force-time history. 
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Figure 4-22 exhibits the measured total reaction force overtime in tests CFDST1A, CFDST2C, 
CFDST3B and CFDST4B, selected as representative of each series. The axial load causes a 
reduction in the initial peak tensile force as well as total reaction force duration, while it leads 
to an increase in the initial peak compressive force. Shifting the impact location from the mid-
span towards a support reduces the peak forces as well as the total reaction force duration.   
Figure 4-18: Total reaction force-time histories obtained in test series 1 
Figure 4-19: Total reaction force-time histories obtained in test series 2 
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Figure 4-20: Total reaction force-time histories obtained in test series 3 
Figure 4-21: Total reaction force-time histories obtained in test series 4 
Figure 4-22: Comparison of total reaction force-time histories in test series 1, 2, 3 and 4 
A summary of key results extracted from total reaction force-time histories obtained in the tests 
is contained in Table 4-2. Rmt is the initial peak total reaction forces in tension, Rmc is initial 
peak total reaction forces in compression, and tr is reaction force duration. 
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Table 4-2: Key results extracted from total reaction force-time histories 
 
4.7 Global Deflection-Time History 
In this research, the global displacement refers to the displacement at the non-impact side (i.e., 
impact counterpoint) of the column measured by laser displacement sensors. Figure 4-23, 
Figure 4-24, Figure 4-25 and Figure 4-26 show the global displacement-time histories at the 
impact location obtained in test series 1, 2, 3 and 4, correspondingly.  These figures illustrate 
a good agreement between the global displacement-time histories in each series and confirm 
the repeatability of the results. Comparison of the impact force-time histories (Figure 4-16 and 
Figure 4-17) with the global displacement-time histories measured at impact location in the 
same tests (Figure 4-25 and Figure 4-26) reveals a time lag between the impact force and the 
displacement. The lag could be associated with the inertia effect. In all the tests, the global 
displacement gradually increases to its maximum value and then decreases with the rebound 
of the column. After the separation of the column and impact head, the column recovers the 
elastic portion of the displacement and then starts to vibrate freely until the energy is damped 
out. This vibration leads to the slight oscillation of the displacement curve.  
Figure 4-27 shows the measured global displacement over time in tests CFDST1A, CFDST2C, 
CFDST3B and CFDST4B, selected as representative of each series. An increase in the axial 
load gives rise to maximum and residual displacements.  Additionally, shifting the impact 
location from mid-span towards a support reduces the maximum and residual displacements. 
 Series 1 Series 2 Series 3 Series 4 
 CFDST1A CFDST2A CFDST2B CFDST2C Average CFDST3A CFDST3B Average CFDST4A CFDST4B Average 
Rmt (kN) -300.1 -236.1 -224.2 -209.1 -223.1 -55.1 -63.1 -59.1 -200.6 -224.8 -212.7 
Rmc (kN) 310.3 438.3 441.6 430.4 436.8 199.6 180.8 190.2 410.9 417.6 414.3 
tr (ms) 43.60 31.00 32.90 32.0 31.97 29.20 28.90 29.05 26.10 27.10 26.60 
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Figure 4-23: Global displacement-time histories obtained from test series 1 
Figure 4-24: Global displacement-time histories obtained from test series 2 
Figure 4-25: Global displacement-time histories obtained from test series 3 
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Figure 4-26: Global displacement-time histories obtained from test series 4 
Figure 4-27: Comparison of global displacement-time histories in series 1, 2, 3 and 4 
Figure 4-28, Figure 4-29, Figure 4-30 and Figure 4-31 show the global displacement-time 
history of CFDST1A, CFDST2C, CFDST3B and CFDST4B columns at different locations 
along their length. The obvious time delay between the bending response of the columns at 
impact point and that at the other locations could be explained by the fact that stress waves 
from the impact location take a finite time to propagate along the column. 
 
 
 
 
 
Chapter 4: Experimental Results and Analysis                                                                        121                                                                         
 
Figure 4-28: Global displacement-time histories from test CFDST1A along the column 
Figure 4-29: Global displacement-time histories from test CFDST2C along the column 
Figure 4-30: Global displacement-time histories from test CFDST3B along the column 
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Figure 4-31: Global displacement-time histories from test CFDST4B along the column 
A summary of key results extracted from global displacement-time histories obtained in the 
tests is contained in Table 4-3. δm is maximum deflection and δr is residual deflection. 
Table 4-3: Key results extracted from global displacement-time histories at impact location 
 
4.8 Final Local Deformation 
When the impact head strikes the CFDST column, extremely high strains develop around the 
impact zone, causing local buckling on the column. In this study, the local buckling after the 
impact is defined by two parameters: length (Lb) and depth (Db), as illustrated in Figure 4-32. 
After each impact test, the local bucking was physically assessed and its length and maximum 
depth were measured using a vernier calliper and a depth gauge micrometre, respectively. 
Figure 4-32: Illustration of terms that define the local bucking 
 Series 1 Series 2 Series 3 Series 4 
 CFDST1A CFDST2A CFDST2B CFDST2C Average CFDST3A CFDST3B Average CFDST4A CFDST4B Average 
δm (mm) 84.8 108.6 109.8 105.7 108.0 77.3 75.0 76.15 120.0 116.4 118.2 
δr (mm) 53.0 82 89 86 86 54 51 53 107 103 105 
Local buckling depth (Db) 
Local buckling length (Lb) 
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Figure 4-33, Figure 4-34, Figure 4-35 and Figure 4-36 show the local buckling profile of 
CFDST columns in test series 1, 2, 3 and 4, respectively. The horizontal axis represents the 
longitudinal axis of the column where its origin is at the impact point, while the vertical axis 
represents the depth of the local buckling where its origin is the undamaged surface of CFDST 
column before impact. These figures illustrate a good agreement between the permanent local 
buckling profiles in the tests conducted within each series. 
Figure 4-37 compares the local buckling profiles of the CFDST columns obtained in different 
test series. It should be noted that the values of length and depth parameters are the average of 
measured values. Axial loading gives rise to further development of local buckling in the 
column at impact point. Shifting the impact location from mid-span towards the support 
reduces the length and depth of the local buckling. 
Figure 4-33: Permanent local deformation profile in test series 1 
Figure 4-34: Permanent local deformation profile in test series 2 
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Figure 4-35: Permanent local deformation profile in test series 3 
Figure 4-36: Permanent local deformation profile in test series 4 
Figure 4-37: Comparison of permanent local deformation profile in series 1, 2, and 3 and 4 
A summary of key results obtained from columns local buckling investigations is contained in 
Table 4-4.  
Table 4-4: Key results extracted from columns local buckling investigations 
 Series 1 Series 2 Series 3 Series 4 
 CFDST1A CFDST2A CFDST2B CFDST2C Average CFDST3A CFDST3B Average CFDST4A CFDST4B Average 
Lb (mm) 85.0 90.4 96.0 93.0 93.1 90.5 89.0 89.8 100.0 99.0 99.5 
Db (mm) 2.10 2.7 2.8 2.8 2.8 2.1 2.1 2.1 2.9 2.7 2.8 
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4.9 Axial Force-Time History 
The axial force was measured using two load cells (“load cell A” and “load cell B”) mounted 
on the specimen end cap. Figure 4-38 reflects a sample comparison conducted between axial 
force-time histories from the two load cells in an impact test. In general, good agreement was 
found between the load cells measurements which increased the confidence in the results. 
Figure 4-38: Comparison of axial force-time histories from two axial load cells in test CFDST2A  
Figure 4-39, Figure 4-40 and Figure 4-41 show the axial load-time history of CFDST columns 
during test series 2, 3 and 4, correspondingly. These figures illustrate a good agreement 
between the axial force-time histories in the tests conducted within each series and confirm the 
repeatability of the results. A degree of change in the axial load was observed in all tests. This 
change is inevitable due to shortening of the impacted column and system excitation in the 
axial direction. The axial load in an impacted member as part of a structural frame shows some 
variation limits during an impact (Zeinoddini, Parke, & Harding, 2002). 
Figure 4-39: Axial force-time histories from axial load cell A in test series 2 
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Figure 4-40: Axial force-time histories from load cell A in test series 3 
Figure 4-41: Axial force-time histories from axial load cell A in test series 4 
Figure 4-42 shows the axial force-time histories obtained in different test series. The long-term 
drop in the axial load becomes greater as the axial load increases. The long-term drop in the 
axial load reaches an average of 13.2% of the initial axial pre-loading in test series 4 with axial 
load of 400kN. This was a result of a larger permanent shortening in the column caused by the 
lateral impact. A summary of key results extracted from axial force-time histories is contained 
in Table 4-5. No is the applied axial load, NLT is the long-term axial load, and ΔN is the long-
term drop in the axial load. 
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Figure 4-42: Comparison of axial force-time histories from axial load cell A in series 2, 3 
and 4 
Table 4-5: Key results extracted from axial force-time histories 
 Series 1 Series 2 Series 3 Series 4 
 CFDST1A CFDST2A CFDST2B CFDST2C Average CFDST3A CFDST3B Average CFDST4A CFDST4B Average 
No (kN) 0.0 199.2 199.8 198.5 199.2 197.5 199.2 198.4 400.4 400.2 400.3 
NLT (kN) 0.0 192.5 192.5 192.5 192.5 180.0 185.0 182.5 343.0 352.0 347.5 
ΔN (kN) 0.0 -3.4 -3.7 -3.0 -3.35 -8.86 -7.14 -8.00 -14.33 -12.0 -13.2 
 
4.10 Concluding Remarks 
The experimental part of the present investigation consisted of tests on eight CFDST columns 
subjected to varying levels of axial load and impact locations. The tests were conducted using 
a novel horizontal impact testing rig. Several useful information on the impact process, impact 
carriage velocity-time history, impact force-time history, total reaction force-time history, 
column global deflection-time history, column permanent local buckling profile, change of 
axial pre-loading during impact, and the response time lag were obtained from the tests, 
analysed and presented. The main findings from the experimental program are listed below. 
1. Comparison of data on the impact carriage velocity profiles obtained from the 
accelerometer, string potentiometer, and proximity sensor showed a good correlation 
between these measurement methods. 
2. Good agreement was found between impact force-time histories obtained from the 400g 
and 2000g accelerometers. Additionally, a good agreement was observed between 
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measurements of the compressive axial load cells. These agreements increased the 
confidence in the measured data. 
3. A good agreement was found between the results obtained in the tests conducted within 
each series (i.e., the impact carriage velocity-time history, impact force-time histories, total 
reaction force-time histories, global displacement-time histories, local buckling profiles, 
and axial force-time histories) which confirms the repeatability of the results. 
4. The impact process can be divided into two main stages of contact and separation. The 
contact stage is from the moment of contact between the column and the impact head to the 
time when the column reaches its maximum deflection. The separation stage starts as soon 
as the column and impact head rebound and continues until completion of the impact event. 
5. Under lateral impact, CFDST columns undergo both global and local buckling. It was 
obsreved that concrete dented at the impact point where the column local buckling 
occurred. Additionally, concrete cracks were observed in all the tests around the impact 
zones at the impact side and its counterpoint (i.e., non-impact side). The integrity of 
concrete in other areas remained fairly good owing to the effective confinement provided 
by outer and inner steel tubes. No sign of local buckling was observed in the inner steel 
tube. 
6. The impact force-time history consists of four phases: initial peak phase, vibration phase, 
plateau phase, and unloading phase.  
7. The reaction force changes direction throughout an impact event. When the impact force 
wave associated with the initial peak phase reaches the supports, the reaction force sharply 
increases to a peak value (i.e., initial peak tensile force). As soon as the impact force wave 
associated with the vibration phase arrives, the reaction force reaches another peak value 
in the opposite direction (i.e., initial peak compressive force). After this phase, the total 
reaction force reaches a plateau (in some tests) followed by a gradually decreasing phase 
until it approaches zero. The presence of the axial load results in reduction of the initial 
peak tensile force and duration of the total reaction, and causes an increase in the initial 
peak compressive force. Shifting the impact location from the mid-span towards one of the 
supports reduces the peak forces as well as the total reaction force duration.  
8. Maximum and residual deflections increase as the axial load increases.  Shifting the impact 
location from mid-span towards a support reduces the deflections. It also reduces the length 
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and depth of the local buckling. With increase in the axial loading, local buckling becomes 
more developed in the specimens.  
9. A degree of change in the axial load was observed resulting from shortening of the impacted 
column and system excitation in the axial direction. The long-term drop became greater as 
the axial load increased. The long-term drop in the axial load reached an average of 13.2% 
of the initial axial pre-loading in test series 4 with the maximum axial load of 400kN. 
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Chapter 5: Development and Validation of Numerical Model 
 
5.1 Introduction 
As CFDST members inherit many characteristics from CFST members, the finite element 
model of CFDST columns subjected to lateral impact was initially developed prior to 
conducting the impact tests based upon the verified numerical techniques and knowledge from 
developing the numerical model of CFST columns subjected to lateral impact. The numerical 
model of the CFST was validated for its accuracy and adequacy through comparison of the 
results with those from experiments available in the literature, as explained in Chapter 7. The 
finite element model of the CFDST was developed by creating the geometry and constructing 
the finite element mesh in MSC PATRAN (version 2013), and setting up the other features in 
LS-Prepost (version 4.0). The model was analysed under impact loading using the explicit 
dynamic non-linear finite element code, LS-DYNA (version 971). LS-PrePost (version 4.0), 
was used as postprocessor to process the results from LS-DYNA analyses and visualize the 
results. This preliminary model helped to design the test specimens and select the measuring 
range of instruments used in conducting the tests. After conducting the impact tests, simulations 
of the experimental impact tests were constructed and the results predicted by the finite element 
model were compared against the experimental results to validate the model and ensure that 
the model can be considered accurate and is a credible representation of the system’s behaviour. 
The validated numerical model provides the necessary tool to expand the investigation into the 
lateral impact behaviour of CFDST columns without the need to conduct repetitive, expensive 
and time-consuming tests.  
This chapter describes the details of the finite element models developed to simulate the lateral 
impact tests conducted on axially pre-loaded CFDST columns. Additionally, it presents and 
compares the results from finite element analyses with those from experiments in terms of 
impact carriage velocity-time history, impact force-time history, total reaction force-time 
history, global displacement-time history of the columns, axial load-time history, columns’ 
permanent global and local buckling and deformation shape of reaction plates.   
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5.2 Development of Numerical Model 
Selection of an appropriate finite element code and solution algorithms is necessary to 
accurately simulate the impact event and predict the behaviour of axially pre-loaded CFDST 
columns.    
In simulating the impact response of CFDST columns, the finite element code employed must 
be capable of robustly representing the nonlinear inelastic material behaviour (i.e., material 
non-linearity), part-to-part contact (i.e., boundary condition non-linearity), and large 
displacements due to the notable geometric changes that occur (i.e., geometric non-linearity).  
An impact event is dynamic in nature as it occurs at a relatively high speed and is a short 
duration event where inertial forces are quite substantial and important. Therefore, dynamic 
rather than static finite element analysis method should be used to predict the system’s 
behaviour. The governing equation of a dynamic system can be expressed as (Brogliato, 1996; 
D'Souza & Garg, 1984; Harding & Ruiz, 1997; Serge, 1998; Tornambe, 1996): 
𝑀?̈? + 𝐶?̇? + 𝐾𝑥 = 𝐹                                                                                                 Equation 5-1 
where x is the nodal displacement vector, the dots denote its differentiation with respect to 
time, F is the load vector, M is the mass matrix, C is the damping matrix and K is the stiffness 
matrix. A dynamic process is divided into time steps. The time-step integration is an algorithm 
to estimate an unknown state at time step t+dt based on a known state at moment t. Whilst the 
initial state is defined by given initial conditions, the entire dynamic process is calculated step 
by step. With finite element discretion in space and central difference in time domain, Equation 
5-1 can be written as (D'Souza & Garg, 1984): 
𝑀 ?̈?𝑡 = 𝐹𝑡 − 𝐶 ?̇?𝑡 − 𝐾 𝑥𝑡                                                                                         Equation 5-2 
if an equilibrium state is considered at moment t.  The subscript t denotes values at time “t”. 
The algorithm based on Equation 5-2 is called explicit formulation. In this formulation, only 
the acceleration in Equation 5-2 is needed to satisfy the equilibrium state. Velocity and 
displacement are calculated from acceleration at the previous time step by using central 
difference formulation. The explicit method is conditionally stable. To avoid unpredictable 
errors, critical time step size based on “Courant-Friedrichs-Levy” (CFL), must not be exceeded 
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(Hallquist, 2006). The CFL limit is generally quantified by the stiffness properties of the 
material and the geometry of the finite element mesh. The CFL time step for solid elements 
can be calculated using Equation 5-3 to 5-6. 
Δ𝑡 = 𝑎.min(Δ𝑡1, Δ𝑡2, Δ𝑡3, … , Δ𝑡𝑁)                                                                          Equation 5-3  
∆𝑡𝑘 =
𝐿𝑘
𝑄+√(𝑄2+𝐶𝑘2)
                                                                                                     Equation 5-4  
𝐿𝑘 =
𝑣𝑘
𝐴𝑘,𝑚𝑎𝑥
                                                                                                               Equation 5-5 
𝐶𝑘 = √
𝐸(1−𝜗)
(1+𝜗)(1−2𝜗)𝜌                                                                                                  Equation 5-6 
In these equations, vk is the volume of element k, Ak,max is the area of the largest side of element 
k, Q is a modifier for when the element is in compression with bulk viscosity, cs is the speed 
of a stress wave in element k, E is Young’s modulus, ρ is mesh density, 𝜗 is Poisson’s ratio, N 
is the number of elements in the simulation and a is a limiting coefficient for the global time 
step (Hallquist, 2006). A typical CFL time step limit for impact simulation is in the order of 
10-8 sec, dependent on the materials used and the resolution of the finite element mesh.  
If the equilibrium state is considered at t+dt, the governing equation can be expressed as 
(D'Souza & Garg, 1984): 
𝑀?̈?𝑡+∆𝑡 + 𝐶𝑥𝑡+∆𝑡̇ + 𝐾𝑥𝑡+∆𝑡 = 𝐹𝑡+∆𝑡                                                                        Equation 5-7 
Equation 5-7 is called implicit formulation, in which the three parameters of acceleration, 
velocity and displacement are undetermined in an equilibrium state. The implicit method has 
no upper limit on the time step size to be used.  
It can be seen that, in each time step, the solution of Equation 5-2 is much simpler than that of 
Equation 5-7. There is no need of global matrix manipulation of Equation 5-2, and hence the 
memory space requirement is small. Additionally, there is no extra complication in the explicit 
formulation even if material and geometric nonlinearity is introduced. However, in the implicit 
formulation matrix manipulation is necessary. Additionally, iteration has to be performed in 
consideration of non-linearity. 
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The explicit formulation is by nature well suited to solve impact problems (Brogliato, 1996; 
Serge, 1998). This is due to two main reasons: (i) impact process needs only several 
milliseconds to be analyzed; (ii) two physical factors restrict the time step in impact analysis 
(Zingoni, 2001). The first limit is the high deformation rate in impact events. Adopting a larger 
time step will introduce large strain in one time step, which will cause divergence in such a 
large deformation analysis. The second limit is related to the contact surface algorithm, as 
contact is a basic phenomenon in any impact event. The contact face is calculated as 
proportional to the penetration of two contact bodies. Adopting a large time step will create a 
large contact force at the contact area, which causes local distortion and analysis failure. In 
view of the two stated reasons, the benefit of larger allowable time step in implicit formulation 
vanishes. With such a small step required in the impact analysis, the implicit method is more 
time-consuming than the explicit one due to its matrix integration and inversion. As a result, 
the explicit formulation is the optimal algorithm in cases of impact contact.   
In this research, the numerical simulations were carried out using an advanced finite element 
program, LS-DYNA (version 971) (LS-DYNA-Livermore Software Technology Corp). The 
code's origins lie in highly nonlinear, transient dynamic finite element analysis using explicit 
time integration and hence is suitable for the application to short duration events such as vehicle 
crash, impact and explosion. It has been used in many numerical studies investigating the 
impact response of various composite and non-composite structures and shown that it is 
capable of accurately simulating complex structural impact (Deng & Tuan, 2013; Gover & 
Gudimetla, 2011; Remennikov, Kong, & Uy, 2011; Wang, Qian, Liew, & Zhang, 2014). 
Creation of the model’s geometry and construction of finite element mesh were carried out 
using PATRAN (version 2013). The use of PATRAN as a meshing tool allowed to easily create 
the mesh on surfaces and solids using fully automated meshing routines, manual methods that 
provide more control or combinations of both. The rest of features of the model were set-up in 
LS-Prepost (version 4.0). Additionally, the LS-PrePost (version 4.0), was used as postprocessor 
to process the results from LS-DYNA analyses and visualize the complied results.  
The finite element model development process involved many steps before the model could be 
used for accurate simulation. The geometry was built to represent the dimensions of the 
structure being simulated. Mesh convergence studies were carried out carefully as there was a 
trade-off between computational cost and desired accuracy of results. The proper element type 
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was chosen for each structural component and material models were selected and assigned to 
the elements. Strain rate effects were incorporated into the selected material models. Boundary 
conditions were applied to control translation and rotational displacements and loads were 
applied as required. The development process also consisted of other steps such as introducing 
hourglassing and contact surfaces. Control cards and database cards were also included to 
control the analysis and the results. The following subsections provide details of the finite 
element model’s characteristics and explain the processes and engineering choices made in 
developing the models. 
5.2.1 Geometry  
The numerical model of the impact test comprised of fourteen main components (Figure 5-1). 
These components were the impact head of carriage, specimen’s outer steel tube, specimen’s 
inner steel tube, specimen’s concrete core, two steel end plates of the specimens, two steel 
reaction plates, two steel end caps, two steel base plates of the load cells and two sets of axial 
linear springs.  
As mentioned in Section 3.7.2.4, a combination of self-reacting disc-springs and tension rods 
were utilised in the impact tests to maintain the applied axial load. Whilst this technique 
successfully maintained the axial load to a significant level, an inevitable degree of change in 
the axial load was observed. Springs having a stiffness equivalent to that of the disc-springs 
and tension-rods were modelled to represent their actions in the tests and hence replicate the 
experiments in terms of the change in the axial load.  Each set of springs were connected at one 
end to the rigid specimen end cap’s nodes at the boss location (location of the boss of 
specimen’s end cap is shown in Figure 3.33) and the axial load was applied at the other end of 
the springs, which was consequently transferred to the specimen.  
The model of CFDST specimen was 3m long. The outer tube had the outside diameter of 165.80 
mm and wall thickness of 5.39 mm. The inner tubes had the outside diameter of 33.71 mm and 
wall thickness of 4.00 mm. It should be noted that the average measured values of actual 
specimens’ dimensions were used to model the specimens. The reaction plates, which were 
welded to the end plates at either side of the specimen, could influence the bending response 
of the columns as they provided a degree of stiffness. Therefore, it was necessary to include 
them in the numerical model to appropriately represent the impact tests. As mentioned in 
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Section 4.4, post-impact investigation of the columns showed that these reaction plates suffered 
permanent bending deformation in all the tests as the column buckled globally. Since the 
deformation shape of the reaction plates were influenced by the base plates of the load cells 
which were firmly bolted to them, these base plates were also included in the model. In addition 
to the base plates of load cells, the deformation shape of the reaction plates was influenced by 
the end caps included in the model.  
Figure 5-1: View of the numerical model used for simulating the experimental impact tests 
Impact head 
CFDST column 
Specimen end cap Specimen end cap 
Springs Springs 
Reaction plate Reaction plate 
Base plate of load cell 
plate 
Base plate of load cell 
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The geometrical dimensions of the specimen’s end plates, carriage impact head, specimen end 
caps, reaction plates and load cells’ base plates were as defined in Section 3.6, Section 3.7.1.4, 
Section 3.7.2.1, Section 3.7.3.1 and Section 3.7.5.6, respectively. As it can be seen in Figure 
5-1, the geometry of specimen end caps, reaction plates and load cells’ base plate were 
simplified during the model development process to reduce the model construction and 
computational time. It was believed that such simplifications will have negligible effect on the 
impact response of the CFDST columns. In the model, the material density of impact head was 
adjusted to reflect the nominated impacting mass (i.e., the total mass of the impact carriage 
including all the components and sensors installed on it) given in Chapter 3 (i.e., 262 kg). Since 
the boss of the specimen end cap was not modelled in this study, the density of the specimen 
end cap was adjusted to reflect the total mass of the end cap (i.e., 32.7 kg). 
5.2.2 Finite element formulations 
In this study, the impact head, specimen’s concrete core and specimen’s end caps were 
modelled using 8-node hexahedron “constant stress” solid elements with one-point integration. 
The inner and outer tubes of the specimens, specimen’ end plates, reaction plates, and load 
cells’ base plates were modelled using Belytschko-Tsay 4-node quadrilateral thin shell 
elements with five integration points through the thickness. The springs were modelled using 
discrete elements.  
Solid elements used to model the carriage impact head, specimen’s concrete core and 
specimen’s end caps captured fully three-dimensional states of stress in these components. 
Hexahedron elements with “constant stress” solid element formulation were selected in this 
study as they are known to provide accurate and efficient results under a wide range of 
conditions even under severe deformation provided that suitable hourglass control is used (LS-
DYNA Aerospace Working Group, 2013). Single point integration solid formulation has 
relatively low cost as it saves on computer time, and does not encounter the problem of being 
very stiff in many situations and unstable in large deformation applications when compared 
with fully integrated or selectively reduced (S/R) solid element (Hallquist, 2006). Shell 
elements were employed for the tubes, specimen’s end plates, reaction plates and load cells’ 
base plates to minimise the expenses associated with increasing the time step. The increase in 
time step is associated with the small element size that resulted from the very small thickness 
of these components and the requirement of two or more solid elements through the thickness 
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to produce accurate response. Belytschko-Tsay’s formulation (Belytschko & Tsay, 1981) was 
chosen as the shell element formulation since it is the most economical formulation and is 
recommended in (Hallquist, 2006). The quadrilateral elements were selected over the triangular 
elements for shells as the later elements’ shape can behave in a very stiff manner (LS-DYNA 
Aerospace Working Group, 2013). The discrete element provides a simple method to model a 
spring (Hallquist, 2006). This element type is deemed to be massless and consists of two nodes 
for each element.  
5.2.3 Material models   
One of the most important steps in developing an accurate and robust finite element model is 
to select appropriate material models. The following sub-sections describe the material models 
employed in developing different components of the numerical model.  
5.2.3.1 Concrete infill 
Dynamic performance of concrete subjected to impact loading is a complex nonlinear and rate-
dependent process, in which the apparent concrete strength can change significantly. LS-DYNA 
material library has several advanced constitutive material models developed to simulate the 
concrete material behaviour, each having its own advantages and disadvantages. A review of 
the LS-DYNA manual booklet (Hallquist, 2013) as well as published studies which compared 
the performances of different LS-DYNA concrete constituent models (Brannon & 
Leelavanichkul, 2009; Crawford, Wu, Magallanes, Choi, & Lan, 2012; Thiagarajan & 
Rahimzadeh, 2010), showed that among the available concrete constitutive material models, 
the LS-DYNA MAT 072R3 (*MAT_CONCRETE_DAMAGE_REL3) is a suitable choice in 
the impact simulation process in this study. This relatively simple and numerically robust 
model is the third release of Karagozian and Case concrete model which was originally 
developed in 1994 with the intention of analyzing concrete structural responses to impact and 
blast loading (Malvar, Crawford, Wesevich, & Simons, 1994; Malvar, Crawford, Wesevich, & 
Simons, 1997). It is capable of reproducing the concrete key behaviour critical to impact and 
blast (Crawford et al., 2012; Magallanes, Wu, Malvar, & Crawford, 2010; Remennikov et al., 
2011; Wang et al., 2014). The features that made MAT 072R3 suitable for the concrete model 
in this study includes the ability to incorporate strain rate effects for both tension and 
compression into the model, the ability to predict concrete strength as a function of 
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confinement, the capacity to model and modify softening of concrete through three independent 
deviatoric failure surfaces and damage mechanics, and the inclusion of shear dilation, which is 
critical for confinement effects. The deviatoric and hydrostatic (pressure against volumetric 
strain) parts of the response are uncoupled. The deviatoric portion is represented by three 
failure surfaces, while the hydrostatic behaviour is governed by a compaction curve or an 
equation of state. Furthermore, the model provides the user with a simple tool to model concrete 
when little is known about the concrete properties by allowing automatic generation of input 
parameters based only on the unconfined cylinder compressive strength and concrete density. 
Given the limitations in the laboratory facilities for this study, only the static unconfined 
concrete compressive strength, concrete tensile strength and concrete density were determined 
in the experimental tests. The latest mentioned feature of MAT 072R3 was hence very 
beneficial.  
The stress-strain behaviour of the concrete material under various response phases and 
implicitly applied confining pressures are defined in this plasticity material model by three 
independent failure surfaces which can be formulated as presented in Equation 5-8: 
 ∆𝜎𝑖 = a0i +
p
a1i+a2i p
                                                                                                 Equation 5-8 
where, i stands for y, m, r which are the yield strength surface, the maximum strength surface, 
and the residual strength surface, and p=-I/3 where I is the 1st invariant of stress tensor which 
represents volumetric responses. aji (j=0,1,2) are parameters calibrated from test data. Figure 
5-2 shows the model failure surfaces and the form of the stress path achievable with the chosen 
plasticity model. As it can be seen in this figure, the material response is considered linear up 
until point 1 (first yield). After yielding, a hardening plasticity response occurs until point 2 
(maximum strength), is reached. After reaching the maximum strength, softening occurs until 
a residual strength, which is based on the amount of confinement, is obtained.  
This concrete model uses Willam-Warnke's Lode-angle function Γ(θ) to describe the 
octahedral cross-section of the surfaces. If tensile data are available instead of compressive 
data, the compressive meridian can be estimated by dividing the tensile meridian ∆σ by the 
relative distance between the compression and tension meridian ψ(p) at each pressure p. The 
mentioned equations apply only for compressive pressures. In case of tensile pressure, these 
equations are replaced by the following equations: 
 
 
140                                              Chapter 5: Development and Validation of Numerical Model                                               
 
Δ𝜎 = 32 (𝑝 + 𝑓𝑡)                                                                                                        Equation 5-9 
 
 
(a) Failure surfaces in concrete material (b) Stress path achievable with the chosen 
plasticity model 
Figure 5-2: Strength model for concrete (Crawford, Magallanes, Lan, & Wu, 2011) 
A complete linear piecewise definition of ψ(p) for this model can be expressed as (Malvar et 
al., 1997): 
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                                   Equation 5-10 
where, α is a scalar factor multiplying f’c to indicate the location where the failure occurs. Once 
the initial yield surface is reached, the stress state is evolved by interpolating between the 
maximum strength surface and the yield strength surface according to the following equation: 
∆𝜎 = 𝜂(Δσm − Δσy) + Δσy                                                                                   Equation 5-11 
where, a user defined damage function η indicates the location of the current yield surface 
relative to limit surface and is a function of an effective plastic strain parameter, 
 
 
Chapter 5: Development and Validation of Numerical Model                                              141                                               
  
𝜆 = ∫ ∫√23 𝜀
𝑝: 𝜀𝑝𝑑𝑡𝑡0                                                                                               Equation 5-12 
The damage η is initially zero at λ=0 and increases to unity at a user-specified value λm marking 
the onset of softening. During softening, η, which now decreases as λ increases, is employed 
to interpolate the current surface between maximum and residual surfaces using the following 
equation: 
∆𝜎 = 𝜂(Δσm − Δσr) + Δσr                                                                                   Equation 5-13 
This model initially sets a value of pressure cut-off pc to ft. This choice is consistent with a 
maximum principal stress criterion at tensile pressures. If stresses reach the failure threshold 
in the negative pressure range, the parameter η is then employed to move the pressure cut-off 
from ft to zero in a smooth fashion. This is done by checking the pressure returned by the 
equation of state (EOS), and resetting it to pc using the following conditions: 
𝑝𝑐 = {−𝑓𝑡,    𝑖𝑓 𝑡ℎ𝑒 𝑙𝑖𝑚𝑖𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ℎ𝑎𝑠 𝑛𝑜𝑡 𝑏𝑒𝑒𝑛 𝑟𝑒𝑎𝑐ℎ𝑒𝑑 (ℎ𝑎𝑟𝑑𝑒𝑛𝑖𝑛𝑔)−𝜂𝑓𝑡, 𝑖𝑓 𝑡ℎ𝑒 𝑙𝑖𝑚𝑖𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ℎ𝑎𝑠 𝑏𝑒𝑒𝑛 𝑟𝑒𝑎𝑐ℎ𝑒𝑑 (𝑠𝑜𝑓𝑡𝑒𝑛𝑖𝑛𝑔)
                          Equation 5-14                          
MAT 072R3 uses rate effects to handle shear damage accumulation. A strain rate enhancement 
factor (rf ), which is also called dynamic increasing factor (DIF), is used to scale the strength 
surface when the material is subjected to a high loading rate. When pressure p is returned from 
the EOS, an unenhanced pressure p/rf and unenhanced shear strength F(I1/rf) are computed. 
Multiplying the rf  by F(I1/rf), a new enhanced limit surface at the current pressure p is obtained:  
Δ𝜎𝑒 = 𝑟𝑓Δ𝜎(
𝑝
𝑟𝑓
) or 𝐹𝑒(𝐼1) = 𝑟𝑓𝐹(
𝐼1
𝑟𝑓
)                                                                      Equation 5-15  
To include the rf , a modified effective plastic strain is defined as: 
𝜆 = ℎ√23 𝜀𝑖𝑗
𝑝𝜀𝑖𝑗
𝑝                                                                                                          Equation 5-16 
where, 
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ℎ =
{
 
 
1
𝑟𝑓(1+
𝑝
𝑟𝑓𝑓𝑡
)𝑏1 , 𝑝 ≥ 0 
1
𝑟𝑓(1+
𝑝
𝑟𝑓𝑓𝑡
)𝑏2 , 𝑝 < 0 
                                                                                      Equation 5-17  
The input scalar parameter, b2, governs the softening part of the unconfined uniaxial tension 
stress-strain curve as the stress point moves from the limit to the residual surface. The 
parameter b2 needs to be adjusted for each simulation so that the area under strain-stress curve 
coincides with GF/wu where GF is the fracture energy and wu is crack front width. The parameter 
b1 governs the softening for compression. Additionally, damage due to isotropic tensile 
stressing is handled by adding a volumetric damage accumulation that is computed by 
incrementing the effective plastic strain parameter by ∆λ according to the following equation: 
∆𝜆 = 𝑏3𝑓𝑑𝑘𝑑(𝜀𝜐 − 𝜀𝜐,𝑦𝑖𝑒𝑙𝑑)                                                                                   Equation 5-18  
in which, b3 is an input parameter, εv is volumetric strain, εv:yield is the volumetric strain at yield. 
The factor fd limits the effect of this change according to proximity of the stress state to the 
hydrostat. Specifically, 
𝑓𝑑 = {
1 − |√3𝐽2/𝑝|0.1 ,      0 ≤ |√3𝐽2/𝑝| < 0.1
0,                                 |√3𝐽2/𝑝| > 0.1
                                                          Equation 5-19      
Table 5-1 contains the summary of concrete material properties input by the user in this study. 
These values were the average of the values obtained from the experimental testings. As 
explained in Chapter 3, the unconfined compressive strength and splitting tensile strength of 
100 mm × 200 mm concrete cylinders were obtained in the experimental testings. However, 
MAT 072R3 requires the unconfined compressive strength and uniaxial tensile strength of 150 
mm × 300 mm concrete cylinders (Hallquist, 2013). Therefore, Equation 3-3 was used to 
convert the experimentally measured value of unconfined compressive strength of concrete to 
the required value. Whilst Equation 3-5 was used to convert the experimentally measured 
splitting tensile strength of 100 mm × 200 mm concrete cylinder to that of a 150 mm × 300 
mm concrete cylinder, Equation 3-4 was employed to covert the calculated splitting tensile 
strength of 150 mm × 300 mm concrete cylinder to uniaxial tensile strength of the same size 
concrete cylinder. Once the model was run for one time step with the user defined material 
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properties, the auto-generated parameters including EOS parameters were obtained from the 
LS-DYNA “d3hsp” file and copied to the user’s input file.  
Table 5-1: Material properties of concrete 
Parameter Value 
Concrete unconfined compressive strength, f’c (150 mm ×300 mm), (MPa) 28.21 
Concrete uniaxial tensile strength, fct,, 150mm×300mm, (MPa) 3.36 
Concrete density, ρ,(kg/m3) 2257 
Maximum aggregate size, MAS, (mm) 10 
The tension-softening parameter b2 was adjusted to obtain the fracture energies, Gf, 
recommended by (CEB-FIP-MC90, 1993) and control the behaviour of the model in strain 
softening. It is known that fracture energy, Gf, is one of the main factors that affects the strain-
softening behaviour of concrete. Furthermore, in the simulation of large strain deformation 
behaviour of concrete, strain-softening behaviour is dependent on the refinement of finite 
element mesh unless a localisation limiter is used. One way to eliminate the mesh dependency 
of the fracture energy is to force the area beneath the stress-strain curve to be equal to Gf/wc 
value. The value of Gf can be determined from Equation 5-20 (CEB-FIP-MC90, 1993), if the 
experimental data is unavailable. 
𝐺𝑓 = 𝐺𝑓𝑜(
𝑓𝑐′
𝑓𝑐𝑜′
)0.7                                                                                                      Equation 5-20  
where f’co=10 MPa and Gfo is the base value of fracture energy which depends on the maximum 
aggregate size. Table 2.1.3 in CEB-FIP-MC90 (1993) provides the base value of fracture 
energy in terms of maximum aggregate size. The localisation width ,wc, which is equal to the 
width of the crack, can be approximated to be three times that of the maximum aggregate size 
as recommended in (Hallquist, 2013). By knowing the maximum aggregate size (MAS=10 mm) 
and the unconfined compressive strength of concrete (f’c=28.21 MPa), the value of Gf and b2 
were estimated to be 63.39 N/m and 1.87, based on Equation 5-20 and Table 1 of the reference 
by Magallanes et al. (2010). The localization width was set to 3×10=30 mm. 
In order to introduce the strain rate effect in the model, a curve defining the relationship 
between effective strain rate and DIF, was constructed using the LS-DYNA define (load) curve 
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function. The relationship between the DIF for concrete compressive strength and strain rate 
was modelled based on Equation 5-21 recommended in CEB-FIP Model Code 1990 (CEB-
FIP-MC90, 1993). 
𝐷𝐼𝐹 = 𝑓𝑐𝑓𝑐𝑠 = {
[ 𝜀𝜀𝑠]
1.026𝛼𝑠
,  𝜀 ≤ 30 𝑠−1
𝛾𝑠 [
𝜀
𝜀𝑠
]
1
3 ,        𝜀 > 30 𝑠−1
                                                                  Equation 5-21 
in which, fc is dynamic compressive strength at ε, fcs is static compressive strength at εs, ε is 
strain rate in the range of 30×10-6 to 300 sec, εs is 30×10-6 s-1 (static strain rate), log(γ)=6.156α-
2, αs=1/(5+9fsc/fco), and fco=10 MPa. The relationship between the DIF for the concrete tensile 
strength and strain rate was modelled based on Equation 5-22 proposed by Malvar and 
Crawford (Malvar & Crawford, 1998) . 
𝐷𝐼𝐹 = 𝑓𝑡𝑓𝑡𝑠 = {
[ 𝜀𝜀𝑠]
𝛿
,      𝜀 ≤ 1 𝑠−1
𝛽 [ 𝜀𝜀𝑠]
1
3 , 𝜀 > 1 𝑠−1
                                                                           Equation 5-22 
where, ft is the dynamic tensile strength at ε, fts is the static tensile strength at εs, ε is the strain 
rate in the range of 10-6 to 160 s-1, εs is 10-6 sec-1 (static strain rate), log(γ)=6δ-2, 
δ=1/(1+8fsc/fco), and fco=10 MPa. 
5.2.3.2 Steel tubes 
The steel tubes were modelled using LS-DYNA MAT 024 (*MAT_ 
PIECEWISE_LINEAR_PLASTICITY) with invoked viscoplastic strain-rate formulation. 
MAT 024 is the most commonly used elastic-plastic material model in LS-DYNA which allows 
for strain rate dependency and failure based on plastic strain (Hallquist, 2013). The hardening 
curve could be tabulated as input directly and hence no parameter fitting is needed.  
In this model the deviatoric stress is determined to satisfy the yield function as defined in 
Equation 5-23: 
∅ = 12 𝑠𝑖𝑗𝑠𝑖𝑗 −
𝜎𝑦2
3 ≤ 0                                                                                             Equation 5-23 
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where, 
𝜎𝑦 = 𝛽 [𝜎0 + 𝑓ℎ (𝜀𝑒𝑓𝑓
𝑝 )]                                                                                         Equation 5-24 
and sij is the deviatoric stress tensor. In Equation 5-24, σ0 is initial yield stress, β accounts for 
strain rate effects and 𝑓ℎ (𝜀𝑒𝑓𝑓
𝑝 ) is the hardening function and can be specified in the tubular 
form as an option. If not, linear hardening of the form 
𝑓ℎ(𝜀𝑒𝑓𝑓
𝑝 ) = 𝐸𝑝(𝜀𝑒𝑓𝑓
𝑝 ) is assumed where Ep is the plastic hardening modulus. In the 
implementation of this material model, the deviatoric stresses are updated elastically, the yield 
function is checked, and if it is satisfied the deviatoric stresses are accepted. If it is not, an 
increment in plastic strain is computed as: 
∆𝜀𝑒𝑓𝑓
𝑝 =
(32𝑠𝑖𝑗 
∗ 𝑠𝑖𝑗∗ )
1 2⁄ −𝜎𝑦
3𝐺+𝐸𝑝
                                                                                              Equation 5-25 
where G is the shear modulus and Ep is the current plastic hardening modulus. The trial 
deviatoric stress state, sij*, is scaled back as; 
𝑠𝑖𝑗𝑛+1 =
𝜎𝑦
(32𝑠𝑖𝑗 
∗ 𝑠𝑖𝑗∗ )
1 2⁄
𝑠𝑖𝑗 ∗                                                                                               Equation 5-26 
This model provides three different methods to account for the strain rate. The first method 
utilises the Cowper-Symonds model, which scales the yield stress using a factor which is 
computed as following: 
𝛽 = 1 + (𝜀𝐶)
1
𝑝                                                                                                          Equation 5-27 
where, ε is effective plastic strain rate, and c and p are strain rate parameters. The second 
method uses a load curve (LCSR) for complete generality to scale the yield stress with respect 
to strain rate. The third method uses the *DEFINE_TABLE feature to account for different 
stress-strain curve for various strain rates.  
Table 5-2 and Table 5-3 contain the summary of material properties of the outer and inner steel 
tubes input into the model. In this study the hardening curve (i.e., stress-plastic strain curve) 
was tabulated as input directly. It is important to note that the MAT_ 
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PIECEWISE_LINEAR_PLASTICITY requires the user to enter true stress-strain data, rather 
than the engineering stress-strain data which was obtained experimentally and presented in 
Chapter 3. Therefore, the average engineering stress-strain curves from a uniaxial tension tests 
on specimens cut from outer steel tubes and inner steel tubes, presented in Section 3.5.1, were 
converted to true stress- strain curves using Equation 5-28 and Equation 5-29. 
𝜀𝑇 = ln(1 + 𝜀𝐸)                                                                                                     Equation 5-28 
𝜎𝑇 = 𝜎𝐸 × 𝑒𝜀𝑇                                                                                                         Equation 5-29 
In these equations εT, εE, σT and σE are true strain, engineering strain, true stress and engineering 
stress, respectively. 
Using data from true stress-true strain curves, the effective plastic strains, required for 
constructing the hardening curve, were calculated using Equation 5-30. 
𝜀𝑇𝑃 = 𝜀𝑇 −
𝜎𝑇
𝐸                                                                                                           Equation 5-30 
In Equation 5-30, εTP and E are effective plastic strain and steel Young’s’ modulus and the rest 
of the parameters are as defined before. Figure 5-3 shows the curves of piecewise linear 
plasticity material model adopted in the simulations.  
The strain rate effect was incorporated in the model by specifying the coefficients C and P used 
in Cowper Symonds strain rate relationship given in Equation 5-27. The Cowper-Symonds 
coefficients for mild steel were taken as 40.4 (C) and 5 (p) as recommended in (Jones, 2011) 
and widely adopted in literature (Jayasooriya, Thambiratnam, Perera, & Kosse, 2011; 
Remennikov et al., 2011; Wang et al., 2014; Yousuff, Uy, Tao, Remennikov, & Liew, 2012). 
Table 5-2: Material properties of outer steel tube 
Parameter Value 
Steel density (kg/m3) 7860 (Australian Tube Mills, 2013) 
Steel Young’s modulus, E, (GPa) 216.5 
Poisson’s ratio, ν, 0.3 
Yield stress, fy, (MPa) 300 
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Failure strain, εf 0.41 
C 40.4 
P 5 
Table 5-3: Material properties of inner steel tube 
Parameter Value 
Steel density (kg/m3) 7855 (Australian Tube Mills, 2013) 
Steel Young’s modulus, E, (GPa) 217 
Poisson’s ratio, ν, 0.3 
Yield stress, fy, (MPa) 402 
Failure strain, εf 0.21 
C 40.4 
P 5 
Figure 5-3: True stress-plastic strain curves for steel tubes used in MAT_ 
PIECEWISE_LINEAR_PLASTICITY 
5.2.3.3 Impact head 
Since the physical inspection carried out after each impact test showed no sign of deformation 
on the impact head, it was valid to assume that the impacting head had essentially rigid 
behaviour and model it using the LS-DYNA MAT 020 (*MAT_RIGID).  
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This treatment is very cost efficient as rigid elements are bypassed in the element processing 
and no storage is allocated for storing the history variables. The inertial prosperities of the 
material are calculated from the geometry of the elements and the user specified density. 
Additionally, the value of Poisson’s ratio and Young’s modulus are used for determining 
sliding interface parameter if the rigid body interacts in contact definition. The material 
properties that were assumed and input into the model are contained in Table 5-4. As mentioned 
earlier, the density of impact head was adjusted to reflect the nominated impacting mass. 
Knowing the dimensions of the impact head, its volume was estimated to be 0.007332 m3. The 
total mass of the impact carriage including all the components and sensors installed on it, as 
given in Chapter 3, was 262 kg. Therefore, the modified density of the impact head was 
estimated to be 262/0.007332=35730 kg/m3. 
Table 5-4: Material properties of steel impact head 
Parameter Value 
Steel density (kg/m3) 35730 
Steel Young’s modulus, E, (GPa) 210 
Poisson’s ratio, ν 0.3 
5.2.3.4  End plates of the specimens     
The end plates located at either sides of the CFDST columns were assumed to be absolutely 
rigid and modelled using LS-DYNA MAT 020 (*MAT_RIGID). The post-impact physical 
inspection of these plates showed that they did not experience any type of deformation during 
the tests. The material properties that were assumed for the end plates and input into model are 
contained in Table 5-5. 
Table 5-5: Material properties of end plates of specimens  
Parameter Value 
Steel density (kg/m3) 7850 
Steel Young’s modulus, E, (GPa) 210 
Poisson’s ratio, ν 0.3 
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5.2.3.5 Reaction plates 
As mentioned in Section 4.4, the reaction plates had undergone permanent bending 
deformation in all tests as the columns buckled globally. Therfore, to simulate the constitutive 
behaviour of the steel reaction plates, acuurately, they were modelled using elastic-plastic 
material model LS-DYNA MAT 024 (*MAT_ PIECEWISE_LINEAR_PLASTICITY).  
The material properties assumed for the steel reaction plates are contained in Table 5-6. To 
model the strain-hardening branch of stress- strain curve, the reationship proposed by Gattesco 
(1999) was used. This relationship can be expressd as: 
𝜎𝐸 = 𝑓𝑦 + 𝐸ℎ(𝜀𝐸 − 𝜀𝑠ℎ) [1 − 𝐸ℎ
𝜀𝐸−𝜀𝑠ℎ
4(𝑓𝑢−𝑓𝑦)
]                                                          Equation 5-31 
where, Eh is the the strain-hardening modulus (3.5 GPa for mild steel (Gattesco, 1999)); εh is 
the starting strain of strain hardening (0.003 for mild steel (Gattesco, 1999)) and fu is the 
ultimate strength of steel. The rest of the parametrs are as defind previously. It should be noted 
that the engineering strain was converted to true strain using Equation 5-28, while the 
engineering stress was converted to true stress using Equation 5-29. Using data from true stress-
true strain curve, the effective plastic strains, required for constructing the hardening curve, 
were calculated using Equation 5-30. Figure 5-4 shows the curve of piecewise linear plasticity 
material model adopted in the simulation for reaction plates.  
Table 5-6: Material properties of steel reaction plates 
 
 
 
 
 
Parameter Value 
Steel density (kg/m3) 7850 
Steel Young’s modulus, E, (GPa) 210 
Poisson’s ratio, ν, 0.35 
Yield stress, fy, (MPa) 300 
Failure strain, εf 0.35 
C 40.4 
P 5 
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To account for strain rate effectts during impact loading, the Cowper-Symonds coefficients 
were specified in the model. The Cowper-Symonds coefficients for mild steel were taken as 
40.4 (C) and 5 (p) as recommended in (Jones, 2011).  
Figure 5-4: True stress versus plastic strain curve for steel reaction plates used in MAT_ 
PIECEWISE_LINEAR_PLASTICITY 
5.2.3.6 Specimen end caps 
It was believed that the steel specimen end caps had essentially rigid behaviour. The physical 
inspection performed after each impact test showed no sign of deformation due to their 
relatively high stiffness. Consequently, they were modelled using LS-DYNA MAT 020 
(*MAT_RIGID). Table 5-7 contains the material properties assumed and input into model. As 
mentioned earlier, the density of the specimen end cap was adjusted to reflect the total mass of 
the end cap (i.e., 32.7 kg) as the boss of the specimen end cap was not modelled in this study. 
Table 5-7: Material properties of steel specimen end caps 
Parameter Value 
Steel density (kg/m3) 8361 
Steel Young’s modulus, E, (GPa) 210 
Poisson’s ratio, ν 0.3 
5.2.3.7 Base plates of load cells 
The base plates of the load cells behaved elastically in the impact tests and hence were modelled 
using LS-DYNA MAT 001 (*MAT_ELASTIC). This material model computes the co-
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rotational rate of deviatoric Cauchy stress tensor and pressure using Equation 5-32 and 
Equation 5-33, respectively. 
𝑠𝑖𝑗∇
𝑛+1/2 = 2𝐺𝜀̇′𝑛+1/2                                                                                               Equation 5-32 
𝑝𝑛+1 = −𝐾𝑙𝑛𝑉𝑛+1                                                                                                 Equation 5-33 
In these equations, K and V are bulk modus and the ratio of current volume to the initial volume, 
respectively. The rest of the parameters are as defined before. Table 5-8 contains the material 
properties assumed for the base plates of the load cells. 
Table 5-8: Material properties of the base plates of the load cells 
Parameter Value 
Steel density (kg/m3) 7850 
Steel Young’s modulus, E, (GPa) 210 
Poisson’s ratio, ν 0.3 
5.2.3.8 Springs 
LS-DYNA MAT s01 (*MAT_SPRING_ELASTIC) was adopted to model the action of the 
combination of disc-springs and tension-rods of axial loading frame in applying and 
maintaining the axial load. This linear elastic material model describes a typical force-
displacement relation which is similar to Hooke’s law as expressed in Equation 5-34, 
𝐹 = 𝑘∆𝑙                                                                                                                   Equation 5-34 
where k is the element’s stiffness and Δl is the change of element’s length. The element remains 
in a linear elastic region without yielding when subjected to loading. The calculated equivalent 
stiffness of the disc-springs and tension-rods in arrangement #1 and arrangement #2 were 4000 
kN/m and 14916 kN/m, respectively. These values were input into the model. 
5.2.4 Contact algorithm 
Treatment of contact along the interfaces of different elements is an important issue in finite 
element modelling. In this research, to avoid penetration at elements’ interface with different 
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material properties and element sizes, the 
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE algorithm was employed to model 
the interface between (1) the impact head and the specimen’s outer tube, (2) the specimen’s 
outer tube and the specimen’s concrete core, (3) the specimen’s concrete core and the 
specimen’s inner tube and (4) the specimen end caps and the specimen end plates. Additionally, 
*CONSTRAINED_EXTRA_NODES, which ties the nodes of a deformable surface to a rigid 
body, was used to connect (1) the specimen end plates to the reaction plates, (2) the specimen 
end plates to the specimen ends and (3) the specimen end caps to the reaction plates. To tie 
together the reaction plates to the base plates of the load cells, which both comprised of 
deformable elements, at their contact area *CONTACT_TIED_NODES_TO_SURFACE was 
used. 
The *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE (Figure 5-5) is a penalty-based 
contact algorithm which eliminates the penetration by applying a force proportional to the 
penetration depth when a penetration is found for the parts in contact (Hallquist, 2006). It 
allows for direct determination of the impact force-time histories. The subroutines that check 
the slave nodes for penetration, are called for a second time to check the master nodes for 
penetration through the slave segments. In other words, this treatment is symmetric and the 
definition of the master and slave surfaces is arbitrary. However, in general, the master surface 
is defined as the stiffer body or the surface with a coarser mesh if the two surfaces have 
comparable stiffness (Hallquist, 1999). Checking for penetration on either side of an element 
is beneficial in impact analysis, since in the impact simulations the orientation of parts relative 
to each other cannot always be anticipated as the model undergoes large deformations. This 
sliding contact type only considers the friction interaction between the interfaces. In this study, 
the dynamic friction coefficient of 0.6 and static friction coefficient of 0.7 were applied to the 
impact head and outer steel tube interface as well as the specimen end caps and the specimen 
end plates interface, as recommended in (Sullivan, 1988). For the interface between the outer 
steel tube and concrete core as well as the inner steel tube and concrete core, the dynamic 
friction coefficient of 0.45 and static friction coefficient of 0.57 were used, as recommended in 
(Rabbat & Russell, 1985; Sohel, 2009). Additionally, the contact formulation was invoked by 
setting SOFT=1 in optional card A. SOFT=1 calculates contact stiffness based on stability 
considerations taking into account the time step. It is more effective than SOFT=0 when 
materials with dissimilar stiffness and/or mesh densities come into contact (Hallquist, 2007). 
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The contact damping has been often found beneficial in reducing high-frequency oscillation of 
contact forces in impact simulations (Hallquist, 2007). Therefore, to further improve the model 
stability, the value of 20 was assigned to the viscus damping coefficient.  
Figure 5-5: CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 
*CONSTRAINED_EXTRA_NODES is a constraint type in LS-DYNA which allows the 
nodes of a deformable body to be tied to a rigid body. In this way, the nodes of a deformable 
body are added to a rigid body. Therefore, this constraint type was considered suitable to 
connect the specimen end plates to the reaction plates at their contact, the specimen end plates 
to the specimen ends and the specimen end caps to the reaction plates at their contact as they 
were rigidly tied together in the impact experiments (i.e., the specimen end plates were welded 
to the reaction plates, the specimen end plates were welded to the specimen ends and the 
specimen end caps were firmly bolted to the reaction plates.  
*CONTACT_TIED_NODES_TO_SURFACE can be used to join the deformable bodies 
together. In this contact type the slave nodes (reaction plate in this study) are constrained to 
move with the master surface (base plate of the load cell in this study).  At the beginning of the 
simulation, the closest master segment for each slave node is located based on an orthogonal 
projection of the slave node to the master segment and then the slave node is moved to the 
master surface.  In this way, the initial geometry may be altered slightly without invoking any 
stresses.  As the simulation progresses, the isoparametric position of the slave node with respect 
to its master segment is held fixed employing kinematic constraint equations. 
The subroutines that check the slave 
nodes for penetration, are called for a 
second time to check the master nodes for 
penetration through the slave segments. 
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5.2.5 Boundary conditions   
As mentioned in Section 3.7.3, the specimen’s supporting system served to provide end 
supports for the specimen in the direction that is parallel and opposite of the lateral impact 
force. To represent the impact tests’ supports’ condition, the translational displacement of the 
base plates of the load cells were restrained in the global Y direction (i.e., impact direction) at 
a line of nodes at their end by defining single point constraints using BOUNDARY_SPC 
command in LS-DYNA, as highlighted in Figure 5-1. To limit the motion of the impact head 
to the impacting direction, as in the experiments, its translational displacements were restrained 
in Global X and Z directions and its rotations were restrained in all global directions using card 
2 of *MAT_RIGID. Whilst, each spring was connected at one end to the specimen end cap at 
the boss location, the other end was restrained, rotationally, in all global directions and, 
translationally, in all global directions except global X direction, using BOUNDARY_SPC 
command in LS-DYNA. 
5.2.6 Load application 
In this study, a combination of axial (pre-loading) and impact load were applied on the model. 
In order to combine the impact load which is a transient load, and the compressive axial load 
which is rather static, in a single model, different possible numerical approaches are available 
in LS-DYNA. 
One method is to use the implicit LS-DYNA solver for the pre-loading and the explicit solver 
for the transient impact loading. The implicit-explicit switching functionality in LS-DYNA can 
be conducted within one single input deck. The other method is to use solely the explicit LS-
DYNA solver for the pre-loading and impact loading. To avoid oscillations, the pre-loading 
should be applied in a “ramp up” manner from zero to its final value and then extended beyond 
the termination time for stability. This method requires iteration to find a “ramp up” duration 
which minimises the response fluctuation, hence it is less efficient. Another option to prevent 
oscillation is to apply the displacement-controlled pre-loading within a sufficiently long time 
interval, making this method less computationally efficient as well. However, this approach is 
more stable. Alternatively, the explicit dynamic relaxation (DR) feature 
(CONTROL_DYNAMIC_RELAXATION) can be used to pre-load the system before onset of 
transient loading. In explicit DR, the computed nodal velocities are reduced each time step by 
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the dynamic relation factor (default=0.995). Therefore, the solution undergoes a form of 
damping during DR phase. The distortional kinetic energy (KE) is monitored. When this KE 
has been sufficiently reduced (i.e., the “convergence factor” has become sufficiently small), 
the dynamic relaxation analysis stops and the current state becomes the initial state of the 
transient analysis. This option is very straightforward and efficient.  
In this study, the explicit analysis with dynamic relaxation option was used due to its 
convenience, simplicity and efficiency. The axial load was applied as nodal forces to the 
springs. Dynamic relaxation was invoked by setting parameter SIDR in the LS-DYNA define 
(load) curve function to 2. By completion of the dynamic relaxation phase, the model was 
stabilised and the axial stress in the column acted as initial conditions for the impact analysis. 
Figure 5-6 shows the convergence behaviour (in terms of kinetic energy) for the dynamic 
relaxation run when the axial load was 400 kN.   
Upon completion of dynamic relaxation phase, the transient impact load was applied on the 
model. In order to apply the impact load, the impact head was assigned with an initial velocity 
in the global Y direction that corresponded to the initial velocity of the impact head 
immediately before impacting the CFDST column in the experiments (i.e., 7.8 m/sec).  
Figure 5-6: The convergence behaviour (in terms of kinetic energy) for the dynamic 
relaxation run in the numerical model simulating test series 4 (axial load=400 kN) 
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5.2.7 Hourglassing energy  
With the exception of triangular shells and tetrahedral solids, any under-integrated (single 
integration point) shell, thick shell or solid formulation will undergo hourglass modes which 
are nonphysical, zero energy modes of deformation that produce zero strain and no stress. 
These undesirable hourglass modes will often have periods which are much shorter than that 
of the structure’s natural period, and can hence have a significant effect on the system’s 
behaviour. Therefore, it is important to inhibit the hourglass mode by implementing a suitable 
hourglass control algorithm which internally calculates and applies counteracting forces. The 
two main categories of hourglass control are stiffness and viscous forms, where elastic springs 
or viscous dampeners are selectively added to the element to prevent the formation of the 
anomalous modes. The hourglass deformation modes are orthogonal to elemental strains, and 
hence the work performed by hourglass control is not calculated in the global energy balance, 
which can lead to energy loss of system. Work performed by hourglass control can be measured 
within LS-DYNA and is considered insignificant if it is less than 5% of the total deformation 
energy (Hallquist, 2007).  
It should be noted that the hourglass concerns can be entirely eliminated by switching to 
element formulations with fully integrated or selectively reduced (S/R) integration; however, 
it may involve a number of downsides including relatively high cost, instability in large 
deformation applications (negative volumes are much more likely), and the tendency to “shear 
lock” and thus behave too stiffly in applications where the element shape is poor (Hallquist, 
2007). Refining the existing mesh without altering parameters can be used alternatively to 
control hourglassing. Nevertheless, this option is computationally expensive and may be 
complicated and time consuming. Furthermore, it may not adequately eliminate hourglassing.  
The hourglass resisting force fiαk  can be calculated using Equation 5-35: 
fiαk = ahhiαΓαk                                                                                                          Equation 5-35                   
where, ℎ𝑖𝛼 depends on nodal coordinates, 𝛤𝛼𝑘 depends on nodal velocity and ah can be calculated using 
Equation 5-36, 
ah = Qhgρ𝑣𝑒
2 3⁄ cs
4                                                                                                        Equation 5-36 
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in which Qhg is a user defined constant, ve is the element volume, ρ is the density, and cs is the 
material sound speed. A detailed description of each parameter can be found in (Hallquist, 
2006). 
In this study, the hourglass formulation 4 (Flanagan-Belytschko) with hourglass coefficient 
0.03 was used to control hourglassing in the under-integrated elements. Type 4 hourglass 
control is stiffness-based formulation and the hourglass forces are proportional to the 
displacements contributing to the hourglass modes. These forces thus counteract the 
accumulated hourglass deformation. This hourglass formulation is recommended in (LS-
DYNA Aerospace Working Group, 2013) for impacts with low to moderate velocity. Since 
there is an inherent stiffening effect of a stiffness-based hourglass control, the reduced 
hourglass coefficient (default value is 0.1) was employed to minimise this effect.  
5.2.8 Damping effect   
There is no doubt that damping forces were present in the experimental rig; however, damping 
forces do not generally impose a significant effect during the impact since the duration of the 
impact event is very short, much shorter than the fundamental natural period of the specimen 
and striker together (Jones, 2011; Stronge & Yu, 2012; Zeinoddini, Harding, & Parke, 2008). 
In ordinary structures, damping forces require times much greater than the system’s 
fundamental period to impose notable effects on the response.  
To examine the influence of the structural damping on the impact response of the CFDST 
specimens, it was introduced in the numerical model which was developed to simulate the 
fourth test series. A “Logarithmic Decrement Method” was used to experimentally evaluate the 
damping ratio, ξ. This is the simplest and most frequently used method for defining the viscus 
damping ratio through experimental testing (Clough & Penzien, 1975). The damping ratio was 
calculated from the recorded acceleration response of the specimens excited by a rubber 
hammer in the dynamic characterisation tests described in Section 3.10 using Equation 5-37 
(Clough & Penzien, 1975), 
𝜉 = 𝛿𝑚2𝜋𝑚                                                                                                                   Equation 5-37              
where  𝛿𝑚 = 𝑙𝑛
𝑥𝑛
𝑥𝑛+𝑚
  represents the logarithmic decrement over m cycles.                                                                                         
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Rayleigh damping coefficients (α and β), were calculated based on the average viscous 
damping ratio of 1.75% for the first natural mode and 4.5% for the second natural mode, 
obtained from the recorded responses, using Equation 5-38 (Bathe, 2006; Clough & Penzien, 
1975) and introduced to the numerical model .  
{
𝛼
𝛽} = 2 [
1 𝜔𝑖⁄ 𝜔𝑖
1 𝜔𝑗⁄ 𝜔𝑗
]
−1
{𝜉𝑖𝜉𝑗}                                                                                   Equation 5-38 
where ωi, ωj, ζi and ζj, are the natural frequency for the ith mode, natural frequency for the jth 
mode, damping ratio for the ith mode and damping ratio for the jth mode, respectively. The value 
of the natural frequencies was calculated based on the frequency results presented in Table 4.6. 
Introducing damping into the numerical model has been found to decrease the initial peak 
impact force, the initial peak compressive and tensile forces, rebounding/separation phase 
duration, the maximum deflection and residual deflection by 1.5%, 0.8%, 0.4%, 1%, 2% and 
1.4%, respectively. It increased the contact phase duration by 1.5%. These figures therefore 
confirm that the damping effect on the impact response of the CFDST columns is negligible. 
As a result, no damping was considered in the numerical models. 
5.2.9  Convergence study 
In order to achieve reliable results, determining appropriate mesh sizes (a minimum required 
number of elements) is important. An extremely coarse mesh would lead to a very short 
computational time but the solution would be very approximate. On the other hand, a very fine 
mesh would lead to increased accuracy of the solution at the expense of longer computational 
time. Consequently, a convergence study was necessary to be performed to find mesh size or 
mesh density which satisfactorily balances accuracy and computing resources. The 
convergence test was conducted by homogeneously halving the element size in each direction 
in each iteration. Figure 5-7a and Figure 5-7b present, respectively, the plot of initial peak 
impact forces and maximum global displacements at the impact point against average number 
of elements in 100 mm length in each direction based on the convergence study conducted on 
the numerical model simulating the fourth impact test series. The result of mesh convergence 
analysis suggested that the model with average elements’ length of 6 mm (i.e., the average 
element size of approximately 6 mm× 6 mm× 6 mm=216 mm3 for solid element and 6 mm× 6 
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mm=36 mm2 for shell elements) provided the optimum solution as further increase in number 
of elements had a marginal effect on the numerical results but led to a much longer calculation 
time.  
 (a) Initial peak impact force vs. average number of elements in 100 mm length in each direction 
(b) Maximum displacement vs. average number of elements in 100 mm length in each 
direction 
Figure 5-7: Convergence curve obtained based on performed mesh convergence study for the 
numerical model simulating the fourth impact test series 
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5.3 Validation of Numerical Model   
In order to evaluate the validity of the numerical model of the axially pre-loaded CFDST 
column under lateral impact loading, the results from the numerical simulations of the 
experimental impact testing were compared with those from the experimental testing data 
presented in Chapter 4. The collection and preparation methods of the testing data are presented 
in Section 3.9.  
The comparisons were carried out for the time histories of the (i) velocity of the carriage, (ii) 
impact force, (iii) total reaction force, (iv) columns’ global displacement and (v) axial force as 
well as the permanent global and local buckling shapes of the columns. Table 5-9 summaries 
the numerical and experimental results in terms of key parameters (i.e., initial peak force (Fm), 
impact duration (ti), initial peak total reaction forces in tension (Rmt), initial peak total reaction 
forces in compression (Rmc), reaction force duration (tr), maximum deflection (δm), residual 
deflection (δr), depth of local buckling (Db) and length of local buckling (Lb)). 
Table 5-9: Summary of comparison of numerical and experimental key results  
 Series 1 Series 2 Series 3 Series 4 
 Test FEM Error (%) Test FEM 
Error 
(%) Test FEM 
Error 
(%) Test FEM 
Error 
(%) 
Fm (kN) N/A 544.2 - N/A 651.8 - 527.8 546.3 3.51 614.8 681.9 10.91 
ti (ms) N/A 46.74 - N/A 47.90 - 42.26 39.76 -5.92 56.91 54.11 -4.92 
Rmt (kN) -300.1 -314.9 4.93 -223.1 -224.3 0.54 -59.1 -61.2 3.55 -212.7 -216.3 1.69 
Rmc (kN) 310.3 313.6 1.06 436.8 440.0 0.73 190.2 183.1 -3.73 414.3 435.0 5.00 
tr  (ms) 43.60 42.00 -3.67 31.97 33.60 5.10 29.05 31.50 8.43 26.60 25.81 -2.97 
δm (mm) 84.8 79.1 -6.72 108.0 108.3 0.28 76.2 78.3 2.76 118.2 118.9 0.59 
δr (mm) 53.0 53.0 0.00 85.7 85.0 -0.82 52.5 56.6 7.81 105.0 108.9 3.71 
Lb (mm) 85.0 88.6 4.24 93.1 96.8 3.97 89.8 92.8 3.34 99.5 103.2 5.85 
Db (mm) 2.10 1.98 -5.71 2.77 2.78 0.36 2.10 1.99 -5.24 2.80 2.65 -5.36 
Figure 5-8, Figure 5-9, Figure 5-10 and Figure 5-11compare the simulated and experimental 
impact carriage velocity-time histories for the first, second, third and fourth test series, 
respectively. It should be noted that only the initial impact velocity of the carriage (i.e., 7.8 
m/sec) was input in the numerical model and the velocity profile was then predicted by the 
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model. It can be seen from these figures that there is a good correlation between the simulated 
and experimental time histories. 
Figure 5-8: Comparison of simulated and experimental impact carriage velocity-time 
histories for test series 1 
Figure 5-9: Comparison of simulated and experimental impact carriage velocity-time 
histories for test series 2 
Figure 5-10: Comparison of simulated and experimental impact carriage velocity-time 
histories for test series 3 
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Figure 5-11: Comparison of simulated and experimental impact carriage velocity-time 
histories for test series 4 
Figure 5-12 and Figure 5-13 compare the impact force-time histories obtained experimentally 
and numerically for third and fourth test series, correspondingly.  A reasonably good agreement 
between the simulated and experimentally calculated time-histories can be observed. 
The experimental impact force time-history featured four distinct phases (i.e., initial peak 
phase, vibration phase, plateau phase and unloading phase) all of which the numerical 
simulations of the tests were able to represent. Furthermore, it can be seen from Table 5-9 that 
the initial peak force and the impact duration predicted by the numerical model are reasonably 
accurate. 
As mentioned in Section 3.7.5.4, the overloading of the 200 g accelerometer in the first two 
series (i.e., CFDST1A, CFDST2B, CFDST2B and CFDST2C tests) resulted in loss of 
acceleration data in these tests. Additionally, the velocity results from the string potentiometer 
as well as proximity sensor could not be used to calculate the acceleration of the carriage as 
they did not have sufficient resolution. Consequently, the impact force, calculated based on 
known value of the carriage acceleration and impact mass, could not be determined and 
compared with the numerical results in the first two series. However, given the good correction 
between the simulated and experimental impact force-time histories in the third and fourth test 
series as well as velocity-time histories in all test series, the numerical model can be expected 
to provide a reasonably good prediction of impact force-time history.  
400 kN 400 kN 
L/2 L/2 
Impact Force 
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Figure 5-12: Comparison of simulated and experimental impact force-time histories for test 
series 3 
Figure 5-13: Comparison of simulated and experimental impact force-time histories for test 
series 4 
Figure 5-14, Figure 5-15, Figure 5-16 and Figure 5-17 show the comparison between the total 
reaction force-time histories obtained numerically and experimentally for the first, second, 
third and fourth test series, respectively. It is clear from these figures that there is a good 
agreement between the simulated and experimental results in terms of the general trend of the 
time history curves. As seen from Table 5-9, the numerical model was able to predict the initial 
peak total reaction forces in tension, initial peak total reaction forces in compression and 
reaction force duration with a good level of accuracy. 
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Figure 5-14: Comparison of simulated and experimental total reaction force-time histories 
for test series 1 
Figure 5-15: Comparison of simulated and experimental total reaction force-time histories 
for test series 2 
Figure 5-16: Comparison of simulated and experimental total reaction force-time histories 
for test series 3 
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Figure 5-17: Comparison of simulated and experimental total reaction force-time histories 
for test series 4 
The comparison of the numerically and experimentally obtained CFDST columns’ global 
displacement-time histories at the impact point for the first, second, third and fourth test series 
are presented in Figure 5-18, Figure 5-19, Figure 5-20 and Figure 5-21, respectively.  It can be 
seen that there is a good correlation between the numerical and experimental results in terms 
of the general trend of the curves. Additionally, comparison of results in terms of maximum 
and residual deflections, summarised in Table 5-9 and presented in these figures confirm that 
numerical model can estimate both values with a good level of accuracy. 
Figure 5-18: Comparison of simulated and experimental global displacement-time histories 
at impact point for test series 1 
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Figure 5-19: Comparison of simulated and experimental global displacement-time histories 
at impact point for test series 2 
Figure 5-20: Comparison of simulated and experimental global displacement-time histories 
at impact point for test series 3 
Figure 5-21: Comparison of simulated and experimental global displacement-time histories 
at impact point for test series 4 
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Figure 5-22, Figure 5-23 and Figure 5-24 show the experimental and numerical time histories 
of the axial force for second, third and fourth test series, respectively. It is evident that there is 
a reasonably good agreement between the two sets of results in terms of the trend of the time-
history curves.  
Figure 5-22: Comparison of simulated and experimental axial force-time histories for test 
series 2 
Figure 5-23: Comparison of simulated and experimental axial force-time-time histories for 
test series 3 
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Figure 5-24: Comparison of simulated and experimental axial force-time histories for test 
series 4 
During the impact tests the axial pre-loading did not remain entirely constant and a degree of 
long term drop was observed due to the shortening of the impacted columns. The final and 
permanent drop in the axial load was greater in columns with higher axial pre-loading. 
Comparing the experimental results with those predicted by the numerical model confirm that 
the numerical model was able to successfully simulate the action of the disc-springs and 
tension-rods of the axial pre-loading frame, using the elastic spring systems, as well as the 
response of the CFDST columns. Greater long term drop for the columns with higher axial pre-
loading was also predicted by the numerical model. 
The experimental and simulated post-impact permanent global deformation of the CFDST 
columns in test series 1, test series 2, test series 3 and test series 4 are compared in Figure 5-25, 
Figure 5-26, Figure 5-27 and Figure 5-28, respectively. The global permanent deformation 
shape of CFDST columns observed in the finite element model appears to conform well to the 
experimental results.  
The contours of effective plastic strains in the outer steel tubes presented in Figure 5-25, Figure 
5-26, Figure 5-27 and Figure 5-28 show that plastic deformation only appears in the impact 
zone, the impact side of which is the location of local bucking. Whilst Figure 5-29 shows the 
typical post-impact permanent local bucking shape of CFDST columns observed 
experimentally and numerically, Figure 5-30, Figure 5-31, Figure 5-32 and Figure 5-33 present 
the comparison between the simulated and experimental profiles of post-impact permanent 
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local buckling for the first, second, third and fourth test series, respectively. As observed from 
Figure 5-30, Figure 5-31, Figure 5-32, Figure 5-33 and Table 5-9, there is a good agreement 
between the experimental and numerical results in terms of length and depth of local buckling 
of CFDST columns. 
(a) Experimental result: Post-impact column global deformation shape 
(b) FEM result: Post-impact column global deformation shape 
(c) FEM result: Countors of effective plastic strain - Side view of outer tube 
(d) FEM result: Countors of effective plastic strain - Plan view of outer tube (impact side) 
Figure 5-25: Comparison of simulated and experimental post-impact CFDST column’s 
global deformation shape in test series 1 
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(a) Experimental results: Post-impact columns’ global deformation shape 
(b) FEM result: Post-impact column global deformation shape 
(c) FEM result: Countors of effective plastic strain - Side view of outer tube 
(d) FEM result: Countors of effective plastic strain - Plan view of outer tube (impact side) 
Figure 5-26: Comparison of simulated and experimental post-impact CFDST columns’ 
global deformation shape in test series 2 
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(a) Experimental results: Post-impact columns’ global deformation shape  
(b) FEM result: Post-impact column global deformation shape 
(c) FEM result: Countors of effective plastic strain - Side view of outer tube 
(d) FEM result: Countors of effective plastic strain - Plan view of outer tube (impact side) 
Figure 5-27: Comparison of simulated and experimental post-impact CFDST columns’ 
global deformation shape in test series 3 
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(a) Experimental results: Post-impact columns’ global deformation shape 
 (b) FEM result: Post-impact column global deformation shape 
(c) FEM result: Countors of effective plastic strain - Side view of outer tube  
(d) FEM result: Countors of effective plastic strain - Plan view of outer tube (impact side) 
Figure 5-28: Comparison of simulated and experimental post-impact CFDST columns’ 
global deformation shape in test series 4 
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(a) Experimental result (b) FEM result 
Figure 5-29: Comparison of simulated and experimental post-impact CFDST column local 
buckling shape in CFDST4A test 
Figure 5-30: Comparison of simulated and experimental post-impact CFDST column local 
deformation profiles in test series 1 
Figure 5-31: Comparison of simulated and experimental post-impact CFDST columns’ local 
deformation profiles in test series 2 
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Figure 5-32: Comparison of simulated and experimental post-impact CFDST columns’ local 
deformation profiles in test series 3 
Figure 5-33: Comparison of simulated and experimental post-impact CFDST columns’ local 
deformation profiles in test series 4 
Investigation of the columns carried out after the impact events showed that the reaction plates 
had undergone permanent bending deformation in all tests as the columns buckled globally. 
Figure 5-34 shows the comparison of the permanent bending deformation of the reaction plates 
observed experimentally and predicted numerically for CFDST1A, CFDST2C, CFDST3B and 
CFDST4B tests as representative of first, second, third and fourth test series, respectively. It 
can be seen from this figure that numerical model was able to predict the bending deformation 
of the reactions plates reasonably. 
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(a) Experimental result (b) FEM result 
  
(a) Experimental result (b) FEM result 
  
(a) Experimental result (b) FEM result 
  
(a) Experimental result (b) FEM result 
Figure 5-34: Comparison of simulated and experimental post-impact ram-side reaction 
plates’ deformation shape  
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5.4 Concluding Remarks 
This chapter presented the details of finite element models developed to simulate the lateral 
impact tests conducted on axially pre-loaded CFDST columns. Additionally, it presented the 
comparison of the results emanating from the numerical simulations of the experimental impact 
testing with the experimental testing data to assess the validity of the numerical models.  
The explicit dynamic nonlinear finite element code LS-DYNA was employed as a platform for 
developing the numerical model based upon its success in the literature for accurately 
modelling impact response of various composite structures.  
The numerical model of the impact test comprised of fourteen main components which were 
the impact head of carriage, specimen’s outer steel tube, specimen’s inner steel tube, 
specimen’s concrete core, two steel end plates of the specimens, two steel reaction plates, two 
steel end caps, two steel base plates of load cells and two sets of axial linear springs, which 
represented the actions of the disc-springs and tension-rods in the tests and hence replicating 
the experiments in terms of the change in the axial load. The model incorporated concrete 
confinement, strain rate effects of steel and concrete, contact between the steel tubes and 
concrete and dynamic relaxation for pre-loading, which is a relatively recent method for 
applying a pre-loading in the explicit solver.  
Convergence studies were performed to find mesh size or density which satisfactorily balance 
accuracy and computing resources. This numerical model was developed to simulate the 
experimental impact tests described in Chapter 4. The numerical results were hence compared 
with the experimental results to evaluate its validity. The comparison was in terms of the 
velocity-time history of carriage, impact force-time history, total reaction force-time history, 
global displacement-time history and axial force-time history of CFDST columns and columns’ 
global and local buckling shapes at the end of impact event. Overall, the predicted results 
showed a good agreement with those of the experiments. The good correlation of time histories 
and columns’ permanent global and local deformation shape, as well as the relatively small 
differences in the results for the key parameters (i.e., initial peak force, impact duration, initial 
peak total reaction forces in tension, initial peak total reaction forces in compression, the 
reaction force duration, maximum deflection, residual deflection, depth of local buckling and 
length of local buckling) showed that the numerical model was able to represent the lateral 
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impact behaviour of the axially pre-loaded CFDST columns with a good level of accuracy and 
can be used as a viable alternative to experimental testing in the analysis and design process of 
CFDST columns. This numerical model can hence be used with confidence to carry out the 
parametric study as well as the comparative study which will be presented in chapter 6 and 
chapter 7, respectively. 
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Chapter 6: Parametric Sensitivity Analysis 
 
6.1 Introduction 
Among the main objectives of this research were to develop an in-depth understanding of the 
effects of the different load and structure-related parameters on the response of axially pre-
loaded CFDST columns under lateral impact and determine the sensitivity of the columns’ 
behaviour to such parameters. These can enable the development of simple analysis methods 
so that complicated numerical analysis may be dispensed within a practical design procedure. 
Simplifying assumptions, necessary in most design calculations, should be based on a 
comprehensive understanding of the sensitivity of the response to key parameters. To conduct 
the parametric sensitivity analysis, the validated finite element model was employed as an 
efficient tool which can eliminate further expensive and time-consuming tests.  
This chapter presents the results of the parametric sensitivity study. Using a reference finite 
element model, developed based on the validated numerical techniques, variations were made 
to key input load and structure-related variables such that their influence on the columns’ 
response could be determined. The key response parameters were taken to be the initial peak 
impact force, impact duration, initial peak of the total reaction force in tension, initial peak of 
the total reaction force in compression, total reaction force duration, maximum global 
deflection, residual global deflection, and length and depth of local buckling of the CFDST 
column.  The input load-related variables were the striker mass, initial impact velocity, impact 
location, initial contact area and axial load level. The input structure-related variables were 
concrete compressive strength, outer tube diameter-to-thickness ratio, inner tube diameter-to-
thickness ratio, hollowness ratio, slenderness ratio, cross-sectional shape of the CFDST column 
and its boundary conditions.  
6.2 Reference Finite Element Model  
Figure 6-1 shows the reference or base finite element model, which was developed based on 
the numerical techniques introduced and validated in Chapter 5, to perform the parametric 
sensitivity analyses. It comprised of six main components which were the impact head, 
column’s outer steel tube, column’s inner steel tube, column’s concrete core and the two steel 
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end plates of the column. The impact head and the concrete core of the column were modelled 
using 8-node hexahedron “constant stress” solid elements with one point integration. The inner 
and outer tubes of the column and column’s end plates were modelled using Belytschko-Tsay 
4-node quadrilateral thin shell elements with five integration points through the thickness. The 
average element size was as determined from the results of the convergence study presented in 
Section 5.2.9. *MAT_CONCRETE_DAMAGE_REL3 was employed to model the concrete 
core, while   *MAT_ PIECEWISE_LINEAR_PLASTICITY was employed to model the inner 
and outer tubes. The impact head and specimen’s end plates were assumed to have essentially 
rigid behaviour and modelled using *MAT_RIGID in LS-DYNA. The relationship between 
the DIF for concrete compressive strength and strain rate and DIF for the concrete tensile 
strength and strain rate were modelled based on Equation 5-21 and Equation 5-22. The strain 
rate effect for steel tubes was incorporated in the model by specifying the coefficients C=4.4 
and P=5 in Cowper Symonds strain rate relationship given in Equation 5-27. The column was 
assumed to be simply supported and hence the column’s ends were restrained in the global Y 
and Z directions by defining single point constraints using BOUNDARY_SPC command in 
LS-DYNA. To limit the motion of the impact head to the impacting direction, its translational 
displacements were restrained in global X and Z directions and its rotations were restrained in 
all global directions using card 2 of *MAT_RIGID. 
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE algorithm was employed to model 
the interaction between (1) the impact head and the outer steel tube, (2) the outer steel tube and 
the concrete core and (3) the concrete core and the inner steel tube. The same static and dynamic 
friction coefficients as specified in Section 5.2.4 were used between the contacting bodies. 
*CONSTRAINED_EXTRA_NODES was used to rigidly tie the columns’ end plates to 
column ends. In order to combine the static compressive axial load (pre-loading) and dynamic 
impact load in a single model, the explicit analysis with dynamic relaxation option was used. 
The axial load was applied as a uniform surface pressure over the end plates. The impact head 
was assigned with the nominated initial velocity in the global Y direction. The hourglass 
formulation 4 (Flanagan-Belytschko) with hourglass coefficient of 0.03 was used.  
The key geometrical and material characteristics of the CFDST column, selected for the 
reference analysis, are presented in Table 6-1 and Table 6-2, respectively. The impact head and 
columns’ steel end plates were assumed to have the same material properties as specified in 
Section 5.2.3.3 and Section 5.2.3.4, respectively. It was assumed that the simply supported 
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column with circular outer and inner steel tubes was impacted at the mid-span by a 200 kg 
striker. Since only the impact head was modelled in this study, its density was adjusted to 
reflect the nominated impact mass. The steel impact head of the striker was chosen to have the 
same geometrical shape and dimensions as in the impact tests (Section 3.7.1.4). The initial 
impact velocity was assumed to be 7 m/sec. The axial pre-loading was taken as 321 kN which 
was 30% of the CFDST column’s axial capacity calculated using Equation 2-7.  
In all analyses, the same reference finite element model was used, as defined by the reference 
values stated in this section, varying one parameter at a time within the ranges stated in Section 
6.3. 
Section A-A 
Figure 6-1: Reference finite element model developed for conducting parametric study 
Table 6-1: Key geometrical characteristics of CFDST column selected for reference analysis 
Parameter Value 
Specimen’s length-L (m) 3 
Outside diameter of outer tube-Do (mm) 165.1 
Wall thickness of outer tube-to (mm) 5.4 
Outside diameter of inner tube-Di (mm) 33.7 
Wall thickness of inner tube-ti (mm) 4 
Specimen’s 
end plate 
Outer tube  
Inner tube  
Concrete core  
Impact head 
Specimen’s 
end plate 
CFDST column 
A 
A 
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Table 6-2: Key material characteristics of CFDST column selected for reference analysis 
 
 
 
 
 
 
 
 
 
 
 
6.3 Key Column’s Response Parameters and Load and Structure-Related Variables 
In this research, nine key response parameters were considered for parametric sensitivity 
analysis, which are the initial peak impact force (Fm), impact duration (ti), initial peak total 
reaction force in tension (Rmt), initial peak total reaction force in compression (Rmc), total 
reaction force duration (tr), maximum deflection (δm), residual deflection (δr), length of local 
buckling (Lb) and depth of local buckling (Db) of the CFDST column.  The input variables were 
classified as either structure or load-related. Whilst, impactor’s mass, initial impact velocity, 
impact location, initial contact area and compressive axial load were identified as important 
load-related variables, concrete unconfined compressive strength, outer tube diameter-to-
thickness ratio, inner tube diameter-to-thickness ratio, hollowness ratio, slenderness ratio, 
CFDST column’s sectional shape and CFDST column’s boundary conditions were identified 
as main structure-related variables for the parametric sensitivity study. 
Parameter Value 
Unconfined compressive strength of concrete, f’c (MPa) 25 
Density of concrete, ρc (kg/m3) 2350 
Maximum aggregate size, MAS (mm) 10 
Yield strength of outer steel tube, fyo (Mpa) 250 
Young’s modulus of outer steel tube, Eo, (GPa) 200 
Ultimate strength of outer steel tube, fuo (Mpa) 320 
Poisson’s ratio of outer steel tube, νo 0.3 
Failure strain of outer tube,  εfo 0.35 
Outer steel tube density, ρso (kg/m3) 7850 
Yield strength of inner steel tube, fyi (MPa) 250 
Young’s modulus of inner steel tube, Ei, (GPa) 200 
Ultimate strength of inner steel tube, fui (MPa) 320 
Poisson’s ratio of outer steel tube, νi 0.3 
Failure strain of outer tube,  εfi 0.35 
Inner steel tube density, ρsi (kg/m3) 7850 
Total mass of CFDST column, m (kg) 198.1 
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In order to investigate the influence of impactor’s mass, Mi, on the lateral impact response of 
CFDST columns and determine the sensitivity of the columns’ response to changes in the 
impactor’s mass, the impactor’s mass was varied from 20 kg to 400 kg (i.e., 20 kg, 100 kg, 150 
kg, 200 kg, 250 kg, 300 kg and 400 kg) which were within the range of 10% to 200% (i.e., 
10%, 50%, 80%, 100%, 130%, 150%, and 200%) of the CFDST columns’ mass, m, accounting 
for different scenarios where the impactor has lower, equal or higher mass than the column. In 
this study, this variable is represented as the non-dimensional ratio of the impactor’s mass to 
the column’s mass, Mi/m. The value of Mi/m in the reference model was 1. 
To assess the effect of initial impact velocity, Vo, on the lateral impact response of CFDST 
columns and evaluate the sensitivity of the columns’ response to changes in the initial impact 
velocity, it was varied from 1.5 m/sec to 10 m/sec (i.e., 1.5 m/sec, 3.5 m/sec, 5.25 m/sec, 7 
m/sec, 8.75 m/sec, 10 m/sec) beyond which the column failed. As mentioned earlier, the value 
of Vo in the reference model was 7 m/sec. 
Whilst, mid-span of the column is the location where the lateral impact load will potentially 
have the greatest effect on the column, it is not the most likely place for an impact to occur. 
When a column is located at the frontage of a building for example, an impact (such as 
vehicular impact) is more likely to occur closer the ground rather than at the mid-point, which 
is a further distance from the ground. To investigate the influence of the impact location on the 
response of the CFDST columns, it was considered as one of the variables in the experimental 
matrix where the impact occurred at two locations: (1) the mid-span of the column and (2) the 
two-third of column length away from one of the supports. To gain in-depth understanding of 
the influence of various impact locations on the behaviour of the column and determine the 
sensitivity of the column’s response to changes in the impact locations, the experimental 
investigation was extended by conducting the parametric sensitivity study using numerical 
simulations. The numerical parametric study allowed comparison of all key response 
parameters, particularly the initial peak force and impact duration which were missed in some 
of the experiments with impact at different locations.  In this study, the impact location was 
represented by a non-dimensional parameter α which is the ratio of the distance between the 
one of the supports and the centre of imposed impact load to the column length. The impact 
location was shifted from reference location (i.e., column mid-span which is 1.5 m from both 
pinned supports) to 2 m, 2.25 m, 2.4 m, 2.5 m and 2.6 m from one of the simple supports (i.e., 
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1 m, 0.75 m, 0.6 m, 0.5 m and 0.4 m from the other pinned support) resulting in the variation 
of parameter α from 0.5 to 0.87 (i.e., 0.5, 0.67, 0.75, 0.8, 0.83 and 0.87). 
To assess the effect of initial contact area between the impact head and the CFDST column on 
the column’s response and evaluate the sensitivity of column’s behaviour to variation in impact 
contact area, the steel curved impact head was replaced by a steel cylindrical impact head. In 
the new reference model with the cylindrical impact head the diameter of the head, D’i, was 
assumed to be 200 mm and its height was chosen so that the impact head reflects the nominated 
impact mass (i.e., 200 kg) assuming the steel density as 7850 kg/m3. The impact head diameter 
was varied from 50 mm to 400 mm (i.e., 50 mm, 100 mm, 150 mm, 200 mm, 250 mm, 300 
mm and 400 mm) which was within the range of approximately 2% to 13% (i.e., 2%, 3%, 5%, 
7%, 8%, 10%, and 13%) of column length, L. In this research, the initial contact area was 
represented by a non-dimensional ratio of the diameter of the impact head to the column length, 
D’i/L. The value of D’i/L in the reference model was 0.07.  
A column always bears the axial load induced by live load and dead load of slab or deck prior 
to an impact event. To investigate the influence of the axial load on the response of the CFDST 
columns, it was considered as one of the variables in the experimental matrix. Given the 
experimental constraints, the considered axial pre-loadings were 0 kN, 200 kN and 400 kN, 
which were within a range of 0%, 15% and 30% of the CFDSTs’ axial capacity. To obtain a 
comprehensive understanding on the influence of the magnitude of the compressive axial load 
on the lateral impact response of the CFDST column and determine the sensitivity of column 
behaviour to variations in the axial load, further investigations were carried out using numerical 
simulations. In the numerical parametric study, the axial load was varied from zero to 642 kN 
(i.e., 0 kN, 160 kN, 241 kN, 321 kN, 401 kN, 481 kN and 642 kN) which were within a range 
of 0% to 60% (i.e., 0%, 15%, 23%, 30%, 38%, 45% and 60%) of the CFDST column axial 
capacity. In other words, the non-dimensional axial load level parameter, n, defined as the ratio 
of the axial load applied on the column to the axial compressive capacity of the CFDST column 
was varied within the range of 0 to 0.6 (i.e., 0, 0.15, 0.23, 0.30, 0.38, 0.45 and 0.6). The value 
of n in the reference model was 0.3. It should be mentioned that the CFDST column with axial 
load level of 0.6 failed under the lateral impact load and hence the results associated with this 
case are not presented. 
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In order to study the effect of concrete compressive strength, f’c, on the CFDST column’s 
response and examine the sensitivity of column’s behaviour to changes in concrete 
compressive strength, the cylinder strength of concrete was varied within its low to medium 
ranges (i.e., 10 MPa, 13 MPa, 20 MPa, 25 MPa, 32 MPa, 40 MPa and 50 MPa). The value of 
f’c in the reference model was 25 MPa. 
To determine the influence of outer tube diameter-to-thickness ratio, Do/to, on behaviour of 
CFDST column and investigate the sensitivity of column’s response to variations in Do/to, it 
was varied from 24.3 to 42.8 (i.e., 24.3, 25.8, 28.0, 30.6, 33.7, 37.7 and 42.8) by changing the 
thickness of the tube. The value of Do/to in the reference model was 30.6. It should be noted 
that in all cases the plate element slenderness was calculated and ensured that it is less than the 
yield slenderness limit recommended in (AS4100, 1998) and (AS5100, 2004).  
Similar to the study of outer tube diameter-to-thickness ratio, the influence of inner tube 
diameter-to-thickness ratio, Di/ti, on CFDST column’s behaviour and sensitivity of column’s 
response to changes in Di/ti were investigated in a similar fashion by varying the Di/ti from 4.7 
to 12.0 (i.e., 4.7, 6.5, 7.7, 8.4, 9.4, 10.5 and 12.0) while keeping the remaining parameters the 
same as in the reference specimen. The value of Di/ti in the reference model was 8.4. In all 
cases the plate element slenderness calculated and ensured to be less than the yield slenderness 
limit recommended in  (AS4100, 1998) and (AS5100, 2004). 
The effect of column slenderness on its lateral impact response and the sensitivity of column’s 
behaviour to changes in slenderness ratio, λ, defined in Equation 2-1, were studied by varying 
the value of λ from 24 to 96 (i.e., 24, 36, 54, 72, 78, 84 and 96) that is within the range in which 
the column is classified slender in (AS3600, 2009). It should be noted that only this range of λ 
was studied here as only slender column was considered in the scope of this study. In varying 
the slenderness ratio, the cross-sectional dimensions of the CFDST column were kept constant 
and only the column length was altered. The value of λ in the reference model was 72. 
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Figure 6-2: Cross-sections of CFDST columns with different hollowness ratios 
 Hollowness ratio, χ, as expressed by Equation 2-3, represents the ratio of outside diameter of 
inner tube, Di, to inside diameter of outer tube, Do-2to. A number of experimental studies (Han, 
Huang, Tao, & Zhao, 2006; Tao, Han, & Zhao, 2004; Uenaka, Kitoh, & Sonoda, 2010) carried 
out on CFDST columns subjected to static loading including concentric and eccentric axial 
compression have shown that hollowness ratio is one of the key factors affecting the CFDST 
columns behaviour. In the current study, to examine the effect of hollowness ratio on lateral 
impact response of CFDST and evaluate the sensitivity of column’s behaviour to changes in χ, 
the value of χ was varied from 0.11 to 0.44 (i.e., 0.11, 0.16, 0.22, 0.27 and 0.44), as shown in 
Figure 6-2. This variation was done by changing the outside dimeter of the inner tube.  
Two commonly used cross-section geometries, namely circular cross-sections (i.e., circular 
outer tube and circular inner tube) and square cross-sections (i.e., square outer tube and square 
inner tube), were considered in this study to investigate the effect of the sectional shape on the 
impact response of the CFDST column and assess the sensitivity of CFDST column’s 
behaviour to variation in cross-sectional shape. Figure 6-3 depicts the cross-section of the 3 m 
(a) χ=0.11 (b) χ=0.16 (c) χ=0.22 
(d) χ=0.27 (e) χ=0.44 
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long square CFDST column. The outside width and thickness of outer square tube were 165.1 
mm and 5.4 mm, respectively. Additionally, the outside width and thickness of inner square 
tube were 33.7 mm and 4 mm, correspondingly. The rest of the square column’ parameters 
were the same as those of the circular column.  
Figure 6-3: Cross-section of CFDST column with square outer and inner tubes 
The support conditions play an important role when analysing structural response and 
evaluating structural damage. In this study, to investigate the influence of support conditions 
on lateral impact behaviour of the CFDST column, three different scenarios of pinned-pined 
support, fixed-fixed support and pinned-fixed support were considered. 
6.4 Sensitivity of Column’s Key Response Parameters to Load-Related Variables 
The following subsections present the results of the investigation carried out using the validated 
numerical model to determine the influence of the identified load-related variables on the 
column’s key response parameters and evaluate the sensitivity of CFDST column’s behaviour 
to changes in the load-related input variables. The results are also evaluated. 
In all graphs presented in the following subsections, the origin of the axes denotes the results 
corresponding to simulation of the reference finite element model (i.e., no change), whilst any 
relative change in the parameters is associated with a relative change in response of the column. 
In both non-dimensional axes, “+” means increase and “–” means decrease. The subscript “r” 
represents the value of the parameters in the reference model. 
Inner tube  
Concrete core  
Outer tube  
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6.4.1 Initial peak impact force   
Figure 6-4 shows the effect of the load-related parameters on the initial peak impact force 
imposed by the impactor as it strikes the CFDST column.  
Figure 6-4: Sensitivity of initial peak impact force to load-related variables 
The initial peak impact force is observed to be directly proportional to all the parameters of 
concern excluding axial load level. A decrease in n from its reference value (i.e., n=0.3) leads 
to a reduction of the initial peak force. However, an increase in n, initially raises the initial peak 
force slightly but lowers it later. The results of dynamic characterisation tests carried out on 
the specimens with axial load level of 0, 0.15, and 0.3, as described in Section 3.10, showed 
similar results in regards to the relationship between n and the expected initial peak impact 
force. The recorded two main natural frequencies of the undamaged specimens were highest 
when axial load level was 0.3 and decreased as the axial load level reduced. This indicates that 
an increase of the axial pre-loading from 0 to 0.3 results in an increase in the initial (before 
impact) stiffness of the specimens and hence higher initial peak impact force should be 
expected. This phenomenon can be explained using the interaction relationship between axial 
load and section moment of CFDST columns as shown in Figure 6-5 (Han et al., 2006).  
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Figure 6-5: Axial load versus moment interaction curve (Han et al., 2006) 
In Figure 6-5, the vertical axis shows the axial load level (n), whilst the horizontal axis presents 
the ratio (ξ) of applied moment, M,  to the moment section capacity of CFDST column, Mu, 
under pure bending. This interaction curve can be generally divided into a straight line and a 
parabola. When n is greater than 2ηo at the turning point (1, 2ηo), the curve can be described as 
a straight line, where the flexural capacity of the member is smaller than Mu. When n is smaller 
than 2ηo, the curve can be described as a parabola, where the flexural capacity of the member 
is greater than Mu. In this study, n=0.3 corresponds to a point on BA segment. Therefore, by 
increasing the axial load level from the reference value, the initial peak force increases up to 
point A as the column flexural capacity is enhanced. At point A, the initial peak force reaches 
the maximum value as the flexural capacity of the column reaches to the maximum value. 
Beyond point A, an increase in n reduces the column flexural capacity relative to maximum 
achievable flexural capacity (Point A), which in turn causes a reduction in the initial peak force. 
Reduction of n relative to the reference value of 0.3 results in a relative decrease in the column 
flexural capacity which in turn causes a decrease in initial peak impact force. 
Increasing the impactor’s mass, which in turn increases Mi/m, raises the initial peak impact 
force by only increasing the impact energy (i.e., impact energy=1⁄2 Mi.Vo2). An increase in the 
initial impact velocity intensifies the initial peak impact force by increasing the flexural 
capacity of the member (i.e., higher impact velocity, results in higher strain rates which in turn 
causes strength enhancement of materials and hence improvement of the member’s flexural 
capacity) in addition to increasing the impact energy. Shifting the impact location towards the 
support (i.e., increasing α value) is expected to increase the initial peak impact force as the 
bending stiffness increases. As soon as the impactor hits the column, equal but opposite 
interface forces are developed at the contact area which oppose the interpenetration and 
 n 
 ξ 
Turning point 
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deformation, tending to drive the bodies apart. By increasing the contact area, the resistance of 
the contacting surfaces increases and hence greater impact force is generated (Brogliato, 2000).  
Figure 6-4 shows that the initial peak impact force is most sensitive to variation of initial impact 
velocity followed by the relative diameter of the impactor to the length of the CFDST column. 
The sensitivity of initial peak impact force to changes in the ratio of impactor’s mass to the 
mass of the column as well as axial load level are visible. However, this sensitivity to variation 
of impact location represented by parameter α is relatively negligible.  
6.4.2 Impact duration  
Figure 6-6 shows the effect of the load-related parameters on the impact duration.  
Figure 6-6: Sensitivity of impact duration to load-related variables 
As observed from this Figure 6-6, the impact duration has a direct relationship with Mi/m and 
Vo, while it has an inverse correlation with α and D’i/L. A decrease in n from its reference value 
(i.e., n=0.3) leads to an increase in the impact duration. However, an increase in n, initially 
lowers the impact duration, slightly, but starts to raise it later.  
n=0.45 
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Figure 6-6 also shows that the parameter α has an exponential relationship with the impact 
duration as by shifting the impact location towards one of the supports, the rate of change in 
the impact duration increases rapidly.  
The relationship (i.e., direct or inverse relationship) between the impact duration and the 
variables may be explained using the momentum-impulse theorem presented in the general 
form in Equation 6-1 (Franck & Franck, 2009): 
∫ 𝐹𝑑𝑡 = ∫ 𝑀𝑖𝑑𝑣
𝑣2
𝑣1
𝑡2
𝑡1
                                                                                              Equation 6-1 
where, F is impact force, t is the impact time and v is impactor’s velocity and Mi is as defined 
previously. An increase in the bending stiffness characteristics or moment capacity of a CFDST 
column as a result of shifting the impact location towards the support, or increasing the axial 
load level between the point where n=0.3 and A on the interaction diagram shown in Figure 
6-5 causes a relative increase in the impact force compared to that of reference model. 
Additionally, increasing the ratio of impactor’s diameter to the column length gives rise to the 
impact force. Therefore, in situations where the impactor’s mass and velocity are kept constant, 
based on the momentum-impulse theorem, impact duration should be expected to reduce. 
However, when the impactor’s mass or impact velocity increases, prolongation of impact 
duration could be expected. Similarly, when the impact force reduces as a result of shifting the 
impact location away from the support, changing the axial load level value to be greater than 
that of point A or between the point where n=0.3 and point B on the interaction diagram or 
reducing the ratio of impactor’s diameter to column length, if the impact mass and velocity are 
constant, one should expect prolongation of the impact duration based on momentum-impulse 
theorem. However when the impactor’s mass or impact velocity decreases, reduction of impact 
duration could be expected. 
In Figure 6-6, the impact duration exhibits high sensitivity to changes in the impact location, 
the ratio of the impactor’s mass to the column’s mass and axial load level (when n<0.3) and 
the initial impact velocity.  The impact duration is least sensitive to variation of D’i/L and axial 
load level (when 0.3 ≤ n ≤ 0.45).  
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6.4.3 Initial peak total reaction force in tension  
Figure 6-7 shows the influence of the load-related parameters on the initial peak tensile reaction 
force. As observed from this figure, the initial peak reaction force in tension has a direct 
relationship with the ratio of impactor’s mass to the CFDST column’s mass, initial impact 
velocity and the ratio of impactor’s diameter to the columns’ length, while it has an inverse 
relationship with the impact location represented by parameter α. A decrease in n from its 
reference value (i.e., n=0.3) raises the initial peak tensile reaction force. However, an increase 
in n, firstly reduces the initial peak tensile reaction force, slightly, but starts to increase it later. 
It should be noted that the results obtained from this numerical parametric study in terms of the 
relationship between the initial peak reaction force in tension and the parametrs n and α are 
similar to those obtained from the experiments and presented in Chapter 4.  
Figure 6-7: Sensitivity of initial peak tensile reaction force to load-related variables 
It can also be observed that by shifting the impact location towards one of the supports or 
increasing or decreasing the initial velocity of impact in relation to the reference model’s 
values, the rate of change in initial peak tensile reaction force reduces, quickly.  
n=0.45 
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As explained in Section 4.6, in the initial impact phase, the column attains high acceleration 
which gives rise to the inertial force and makes the inertial force to be greater than the applied 
impact force. Consequently, the resultant force is in the same direction of the inertial force 
causing the development of tensile reaction force at the supports. This implies that the value of 
initial peak tensile reaction force depends on the resultant force of the impact and inertial force. 
With these, the relationship between the initial peak tensile reaction force and the variables 
may be explained. The direct relationship between the initial peak reaction force in tension and 
initial impact velocity can be justified by the fact that increasing the initial impact velocity 
results in higher acceleration of the column at the initial impact phase which gives rise to the 
inertial force. Whilst increasing the initial impact velocity increases the impact force too, the 
increase in the inertial force is more significant than the increase in the impact force. 
Consequently, the value of resultant force, which is in the same direction of the inertial force 
in this phase, is higher than that of reference value causing development of higher initial peak 
tensile reaction force. The same argument can be used to explain the reduction in initial peak 
tensile reaction force when the initial impact velocity is reduced. 
A comparison between Figure 6-7 and Figure 6-4 shows that the trend of the curve showing 
the relationship between initial peak tensile reaction force and axial load level is inversely 
related to the trend of the curve showing the relationship between initial peak impact force and 
axial load level. This is because by increasing the impact force, the value of the resultant force, 
which is in the same direction of the inertial force, reduces and hence the initial peak tensile 
reaction force decreases. Similarly, by reducing the impact force, the resultant force increases 
and hence the initial peak tensile reaction force increases. In the same way, one should expect 
lower initial peak tensile reaction force as the impact location shifts from the mid-span towards 
the support. By increasing α, the impact force increases. Therefore the resultant force reduces 
which causes a reduction in initial peak tensile reaction force. The direct relationship between 
the initial peak tensile reaction force and the ratio of impactor’s mass to the column’s mass can 
be explained by the principle of conservation of momentum. By increasing the mass of the 
impactor, the column would attain higher velocity, if the initial velocity of the impactor and 
mass of the column remain unchanged (Franck & Franck, 2009). This means that the column 
would achieve higher acceleration in the initial impact phase resulting in higher inertial force. 
By increasing the impactor’s mass, the impact force also increases; however, the increase in 
the inertial force is more significant than the increase in the impact force. Therefore, the value 
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of resultant force which is in the same direction of the inertial force in this phase is higher than 
that of reference value causing development of higher initial peak tensile reaction force.   
It can be observed from Figure 6-7 that the initial peak tensile reaction force exhibits high 
sensitivity with respect to the changes in impact location, impact velocity and axial load level 
(when n<0.3). The sensitivity of initial peak tensile reaction force to the variation of the ratio 
of impactor’s mass to the CFDST column’s mass and the ratio of impactor’s dimeter to 
column’s length are noticeable but less significant compared to the three parameters mentioned 
earlier. The initial peak reaction force in tension is the least sensitive to changes in axial load 
level when 0.3 ≤ n ≤ 0.45. 
6.4.4 Initial peak reaction force in compression  
Figure 6-8 shows the effect of the load-related parameters on the initial peak reaction force in 
compression.  
Figure 6-8: Sensitivity of initial peak compressive reaction force to load-related variables 
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It can be observed from this figure that the initial peak compressive reaction force has a direct 
relationship with the ratio of impactor’s mass to the CFDST column’s mass, impact velocity 
and the ratio of the impactor’s diameter to the columns’ length. However, the initial peak 
compressive reaction force shows an inverse relationship with the impact location represented 
by parameter α. Additionally, a decrease in n from its reference value leads to a reduction of 
the initial peak compressive reaction force. An increase in n, initially raises the initial peak 
compressive reaction force, marginally, but lowers it later. It should be noted that the results 
obtained from this numerical parametric study in terms of the relashipship between the initial 
peak reaction force in compresion and parametrs n and α are fiarly similar to those obtained 
from the experiments and presented in Chapter 4.  
As observed from Figure 6-8, the initial peak compressive reaction force has a somewhat 
exponential relationship with Vo. By shifting the impact location from mid-span towards one 
of the supports, the rate of change in the initial peak reaction force in compression slows down 
generally.  
As explained in Section 4.6, in the second phase of the impact, the effect of inertia reduces due 
to the column deceleration and the reaction force changes its direction from negative (i.e., 
tension) to positive (i.e., compression) and reaches the initial peak compressive reaction force 
followed by other spikes of smaller amplitude. Therefore, the main parameter which controls 
the value of initial peak compressive reaction force in this phase is the impact force. 
Consequently, one should expect higher initial peak compressive reaction force as the ratio of 
impactor’s mass to the CFDST column’s mass, impact velocity or the ratio of impactor’s 
diameter to the column’s length increase. An increase in these parameters gives rise to the 
impact force as seen in Section 6.4.1. Consequently, the increase in the impact force leads to 
development of higher initial peak compressive force. Comparison between Figure 6-8 and 
Figure 6-4 shows that the trend of the curve presenting the relationship between the initial peak 
compressive reaction force and axial load level is directly related to the trend of the curve 
presenting the relationship between initial peak impact force and axial load level. A change in 
the axial load level which results in increasing the impact force, causes an increase in the 
resultant force in compression and hence the initial peak compressive reaction force raises. 
Similarly, a change in the axial load level which results in reduction of the impact force leads 
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to a reduction in the resultant force in compression that in turn lowers the initial peak 
compressive reaction force. 
It can be observed from Figure 6-8, that the initial peak compressive reaction force exhibits 
higher sensitivity to changes in impact location as well as impact velocity followed by the ratio 
of impactor’s mass to the CFDST column’s mass. The sensitivity of the initial peak 
compressive reaction force is less significant to the variation of the ratio of impact diameter to 
the columns’ length and axial load level.  
6.4.5 Total reaction force duration   
Figure 6-9 shows the influence of the load-related parameters on the duration of the total 
reaction force.  
Figure 6-9: Sensitivity of reaction force duration to load-related variables 
Whilst, the reaction force duration is directly proportional to the ratio of impactor’s mass to the 
CFDST column’s mass and impact velocity, it has an inverse relationship with the ratio of the 
impactor’s diameter to the column’s length and impact location. A decrease in axial load level 
from its reference value leads to an increase in the reaction force duration. However, an 
increase in the axial load level, initially lowers the reaction force duration, slightly, but starts 
  Chapter 6: Parametric Sensitivity Analysis                                                                           197                                                                             
 
to raise it later. It should be mentioned that the results obtained from this numerical parametric 
study in terms of the relationships between the total reaction force duration and the parameters 
n and α are similar to those obtained from the experiments and presented in Chapter 4.  
In Figure 6-9, the total reaction force duration has a rather exponential relationship with 
parameter α because shifting the impact location towards one of the supports, results in a rapid 
change in the reaction force duration. 
A comparison between Figure 6-9 and Figure 6-6 reveals that the trend of all curves in Figure 
6-9 is analogous to that in Figure 6-6. An increase in the impact duration due to any variation 
in the load-related parameters results in prolongation of the reaction force duration, as 
expected. Similarly, a reduction in the impact duration due to any variation in the load-related 
parameters results in a reduction in the reaction force duration. 
The total reaction force duration is most sensitive to changes in the impact location represented 
by parameter α, the axial load level (when n<0.3), and the ratio of impactor’s mass to the 
CFDST column’s mass. The sensitivity of total reaction force duration to changes in the ratio 
of impactor’s dimeter to the columns’ length, impact velocity and axial load level when 0.3 ≤ 
n ≤ 0.45 is visible but minor.  
6.4.6 Maximum deflection  
Figure 6-10 shows the influence of the load-related parameters on the global maximum 
deflection of the CFDST column during impact. As it can be seen from this figure, the column 
maximum deflection is directly proportional to the ratio of impactor’s mass to the CFDST 
column’s mass, the initial impact velocity and the axial load level. On the other hand, the 
column maximum deflection is inversely related to impact location and initial contact area 
represented by the ratio of impactor’s dimeter to the column’s length. Once again, the results 
obtained from this numerical parametric study for the relationships between the maximum 
column deflection and the parameters n and α are similar to those obtained from the 
experiments and presented in Chapter 4. 
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Figure 6-10: Sensitivity of column’s maximum deflection to load-related variables 
When a mass, Mi, strikes a column with a velocity of Vo, some of the total kinetic energy is lost 
on impact as a result of inertia effects of the columns’ mass. The remaining energy, E, is 
absorbed by the column through bending deformation. This can be expressed with Equation 6-
2, 
𝐸 = 𝛽 12 𝑀𝑖. 𝑉𝑜
2                                                                                                        Equation 6-2 
where β is the reduction factor allowing for the columns’ inertia. The parameter β can be 
described to be a function of the ratio of the mass of the column, m, to the mass of the impactor, 
Mi, as presented in Equation 6-3 (Simms, 1945), 
𝛽 = 11+𝜔𝑚𝑀𝑖
                                                                                                                 Equation 6-3 
in which ωm is referred to as the “reduced” mass of the column and the value of ω is less than 
1 (e.g., ω=0.8 for reinforced concrete member). It is clear from Equation 6-2, Equation 6-3 and 
Figure 6-10 that when Mi/m>1, relatively large portion of the kinetic energy goes to deform the 
column, whilst when Mi/m<1, relatively small portion of the kinetic energy of impact goes to 
deform the column due to the inertia effect. Additionally, it is apparent from Equation 6-2 that 
any increase in the initial impact velocity results in an increase in the energy of deformation 
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which hence gives rise to the value of maximum columns’ deflection. Similarly, any decrease 
in the initial impact velocity leads to a decrease in the energy of deformation which hence 
lowers the value the maximum deflection of the column. The direct relationship between the 
column’s maximum deflection and axial load level can be justified by that fact that any increase 
in axial load level leads to exacerbation of second-order bending effect which in turn increase 
the maximum bending deformation of the column. Similarly, any decrease in axial load level 
leads to reduction of second-order bending effect which in turn reduces the maximum bending 
deformation of the column. Shifting the impact location towards one the supports, reduces the 
maximum deflection due to higher bending stiffness. An increase in the initial contact area 
results in an increase in the resistance of the contacting surfaces to deformation (Brogliato, 
2000). 
It can be noted from Figure 6-10 that the column’s maximum global deflection is primarily 
sensitive to variation of impact velocity, ratio of impactor’s mass to column’s mass and impact 
location.  Whilst, the sensitivity of column’s maximum deflection to the variation of axial load 
level is noticeable, it is less significant compared to the first three mentioned parameters.  The 
sensitivity of the column’s maximum deflection to changes in the ratio of impactor’s dimeter 
to the column’s length is very small.  
6.4.7 Residual deflection  
Figure 6-11 presents the effect of the load-related parameters on the global residual deflection 
of the column in impact events. As it can be seen from this figure, the column’s residual 
deflection is directly proportional to the ratio of impactor’s mass to the CFDST column’s mass, 
impact velocity and axial load level. On the other hand, the column residual deflection is 
inversely related to impact location and the ratio of the impactor’s dimeter to the column’s 
length. These results on the relationships between the column’s residual deflection and the 
parameters n and α are similar to those obtained from the experiments and presented in Chapter 
4.  
By comparing Figure 6-11 and Figure 6-10, it is evident that changes in residual deflection due 
to the changes in various load-related parameters follow a trend similar to that of the maximum 
deflection. The same argument as provided in Section 6.4.6 can be used to justify the 
relationships between the residual deflection and the variables.  
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Figure 6-11: Sensitivity of column’s residual deflection to load-related variables 
The column residual deflection is very sensitive to variations in impact velocity, the ratio of 
impactor’s mass to column’s mass and the impact location followed by the axial load level.  
The sensitivity of residual deflection to the variation of the ratio of impactor’s diameter to the 
columns’ length is relatively insignificant. 
6.4.8 Local buckling length  
Figure 6-12 presents the influence of the load-related parameters on the length of the permanent 
local buckling of the CFDST column. As seen from this figure, the column’s local buckling 
length is directly proportional to all the parameters excluding the impact location. The 
column’s local buckling length is inversely proportional to the impact location. The results 
obtained from this numerical parametric study in terms of the relationships between the length 
of the permanent local buckling and the parameters n and α agree with those obtained earlier 
from the experiments and presented in Chapter 4. 
The rate of change in columns’ local buckling length reduces as the ratio of the impactor’s 
mass to column’s mass increases or reduces with respect to the reference value.  Columns’ 
local buckling length demonstrates a rather exponential relationship with the impact location 
and initial impact velocity. 
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Figure 6-12: Sensitivity of local buckling length to load-related variables 
By shifting the impact location from mid-span towards one of the supports, the rate of change 
in the initial peak reaction force in compression slows down generally 
Comparing Figure 6-12 with Figure 6-10 and Figure 6-11 reveals that the relationships between 
the length of the local buckling and the load-related parameters, excluding the ratio of 
impactor’s diameter to the column’s length, are somewhat similar to the relationships between 
the column’s maximum global displacement and the load-related parameters as well as the 
column’s residual global displacement and the load-related parameters. This can be explained 
by the fact that an increase in the column’s global deformation results in development of larger 
contact area between the curved impactor and the column causing growth of length of local 
buckling. Naturally, by increasing the diameter of the impactor, which gives rise to the ratio of 
impactor’s diameter to the column’s length, the contact length increases which in turn causes 
the development of longer local buckling.  
As observed from Figure 6-12, the column’s local buckling length is very sensitive to variation 
of impact velocity and the ratio of the impactor diameter to the column’s length followed by 
impact location and the ratio of impactor’s mass to column’s mass. It is the least sensitive to 
changes in the axial load level. 
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6.4.9 Local buckling depth  
Figure 6-13 demonstrate the effect of the load-related parameters on the depth of the permanent 
local buckling of the CFDST column. Whilst, the depth of local buckling of the CFDST column 
has a direct relationship with the ratio of impactor’s mass to column’s mass, initial impact 
velocity and axial load level, it is inversely related to the ratio of the impactor’s diameter to the 
column’s length and the impact location. The results obtained from this numerical parametric 
study for the relationships between the depth of the local buckling and the parameters n and α 
agree with those obtained from the experiments and presented in Chapter 4.  
Figure 6-13: Sensitivity of local buckling depth to load-related variables 
It can be seen from Figure 6-13 that the columns’ local buckling depth shows an exponential 
relationship with the initial impact velocity. Whilst the slope of the curve between the point 
where n=0 to the nearest point which is where n=0.15 is steep, the slope of the curve between 
any other two points is very gradual. This may indicate that the existence of the axial load 
(when n>0), itself, has an important effect on the depth of local buckling, while the change in 
the axial load level does not have a notable effect.  
n=0 
n=0.15 
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According to the law of contact, the depth of local defamation is directly proportional to the 
impact force and inversely related to the contact stiffness (Barkan, 1974; Han & Gilmore, 1993; 
Hertz, 1896; Jaeger, 1994). Therefore, by increasing the ratio of the impactor’s mass to the 
column’s mass, one should expect to observe deeper local buckling as the impact force 
increases. Similarly, by decreasing the ratio of the impactor’s mass to the column’s mass, one 
should expect to witness shallower local buckling as the impact force decreases. Increasing the 
initial impact velocity gives rise to the impact force as well as the contact stiffness as the 
strength of material is enhanced under higher strain rate. However, the increase in the impact 
force is more significant than the increase in the contacts stiffness which results in deeper local 
buckling. In a same way one can explain the reason for observation of the shallower local 
buckling as the initial impact velocity decreases. Shifting the impact location towards the 
support results in an increase in contact stiffness which is more significant than the increase in 
the impact force. This explains the inverse correlation between the depth of local buckling and 
impact location. Increasing the ratio of the impactor’s diameter to the column’s length leads to 
the larger contact surface causing higher resistance of the bodies to the deformation. Similarly, 
decreasing the ratio of the impactor’s diameter to the column’s length leads to the smaller 
contact surface causing lower resistance of the bodies to the deformation. 
As it can be observed from Figure 6-13, the column’s local buckling depth is highly sensitive 
to variation of initial impact velocity, impact location and the ratio of impactor’s diameter to 
the column’s length. Additionally, the sensitivity of the ratio of impactor’s mass to column’s 
mass and existence of axial load is considerable but less significant than the other parameters. 
6.5 Sensitivity of Key Column’s Parameters to Structure-Related Variables 
The following subsections present the results of the study conducted using the validated 
numerical model to examine the influence of the identified structure-related variables on the 
key column’s response parameters and determine the sensitivity of CFDST column’s behaviour 
to changes in the structure-related input variables. The results are also evaluated. 
In all graphs presented in the following subsections, the origin of the axes denotes the results 
corresponding to simulation of the reference finite element model (i.e., no change), while any 
relative change in the parameters is associated with a relative change in response of the column. 
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In both non-dimensional axes, “+” means increase and “–” means decrease. The subscript “r” 
represents the value of the parameters in the reference model. 
6.5.1 Initial peak impact force  
Figure 6-14 shows the influence of the structure-related parameters on the initial peak impact 
force imposed by the impactor as it strikes the CFDST column. It can be observed from this 
figure that the initial peak impact force is inversely proportional to all the parameters of concern 
excluding the compressive strength of concrete. The initial peak impact force has a direct 
relationship with the compressive strength of concrete.  
Figure 6-14: Sensitivity of initial impact force to structure-related variables 
It is clear that by increasing the concrete compressive strength, the bending capacity of CFDST 
column increases. A rise in the column flexural capacity results in an increase in the initial peak 
impact force, consequently. The inverse relationship between the initial peak impact force and 
the outer tube diameter-to-thickness ratio as well as the initial peak impact force and the inner 
tube diameter-to-thickness ratio can be justified based on the fact that a reduction in the ratio 
of the outer tube diameter-to-thickness ratio or inner tube diameter-to-thickness ratio leads to 
a high membrane and bending resistance, causing a rise in the initial peak impact force. 
Similarly, a rise in the ratio of the outer tube diameter-to-thickness ratio or inner tube diameter-
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to-thickness ratio results in a reduction in membrane and bending resistance, causing a 
reduction in the impact force. Additionally, the inverse relationship between the initial peak 
impact force and slenderness ratio can be explained by the fact that a reduction in slenderness 
ratio lessens the second order effects which in turn improves the moment capacity of the 
CFDST column and increases the initial peak impact force. Similarly, a rise in slenderness ratio 
lowers the moment capacity of the CFDST column and reduces the initial peak impact force. 
Whilst a reduction in the hollowness ratio results in having thicker concrete layer which 
enhances the impact force, an increase in the hollowness ratio results in having a thinner 
concrete layer which reduces the impact force.  
As observed from Figure 6-14, the initial peak impact force is notably sensitive to variation of 
the outer tube diameter-to-thickness ratio followed by concrete compressive strength and 
hollowness ratio. The sensitivity of initial peak impact force to changes in inner tube-diameter-
to-thickness ratio and slenderness ratio is negligible.  
Figure 6-15 indicates that the use of the CFDST column with a square cross-section (i.e., SHS-
SHS), as opposed to a circular one (i.e., CHS-CHS), results in 37.8% increase in the initial 
peak impact force. This is because the bending stiffness of the column with square cross-section 
is generally higher than that of the circular one.  
Figure 6-15: Influence of sectional shape on initial peak impact force 
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Figure 6-16: Influence of boundary conditions on initial peak impact force 
Figure 6-16 shows that the impact force increases if the end rotations are restrained. Whilst 
fixed-pinned (F-P) supported boundary condition increases the initial peak impact force by 
4.1%, the fixed-fixed (F-F) condition increases the initial peak impact force by 9.2% compared 
to the pined-pined (P-P) supported boundary condition.  
6.5.2 Impact duration  
Figure 6-17 presents the effect of the structure-related parameters on the impact duration. It is 
evident from this figure that the impact duration is directly proportional to all the parameters 
of concern excluding the compressive strength of concrete. The impact duration has an inverse 
relationship with the concrete compressive strength. 
The relationship between the impact duration and the variables may be explained using the 
momentum-impulse theorem presented in the general form in Equation 6-1. As presented in 
Section 6.5.1, increasing the concrete compressive strength, lowering the outer tube diameter-
to-thickness ratio, lessening the inner tube diameter-to-thickness ratio, reducing the slenderness 
ratio or decreasing the hollowness ratio results in an increase in the impact force. Therefore, in 
situations where the impactor’s mass and velocity are kept constant, based on the momentum-
impulse theorem, the impact duration should be expected to reduce. In the same way, one can 
explain the reason for prolongation of the impact duration when the concrete compressive 
  Chapter 6: Parametric Sensitivity Analysis                                                                           207                                                                             
 
strength reduces, or when the outer tube diameter-to-thickness ratio, the inner tube diameter-
to-thickness ratio, the slenderness ratio or the hollowness ratio increases. 
Figure 6-17: Sensitivity of impact duration to structure-related variables 
From Figure 6-17 it can be concluded that impact duration is primarily sensitive to the variation 
in the ratio of outer tube-diameter-to-thickness ratio and the slenderness ratio. The sensitivity 
of the impact duration to changes in the hollowness ratio and the concrete compressive strength 
is noticeable but less significant compared to the earlier mentioned parameters. The impact 
duration is the least sensitive to changes in inner tube diameter-to-thickness ratio. 
Whilst Figure 6-18 shows that changing the column sectional shape from circular to square 
causes 12.3% reduction in impact duration, Figure 6-19 demonstrates that by restraining the 
end rotations, the impact duration reduces by 16.1% and 38.4% in column with the fixed-
pinned and fixed-fixed supported boundary conditions, respectively. The reduction in the 
impact duration due to use of CFDST with square section or restraining the end rotations can 
be justified based on the momentum-impulse theorem. These two options result in higher 
bending resistance of the column and an increase in the impact force which in turn leads to a 
shorter impact duration. 
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Figure 6-18: Influence of sectional shape on impact duration 
Figure 6-19: Influence of boundary conditions on impact duration 
6.5.3 Initial peak total reaction force in tension 
Figure 6-20 shows the influence of the structure-related parameters on the initial peak tensile 
reaction force. Whilst the initial peak tensile reaction force is directly proportional to the 
slenderness ratio, it has an inverse relationship with the concrete compressive strength, the 
outer tube diameter-to-thickness ratio and the inner tube diameter-to-thickness ratio. A 
reduction in the hollowness ratio from its reference value (i.e., χ=0.22) leads to a reduction of 
the initial peak tensile reaction force. An increase in χ, lowers the initial peak tensile reaction 
force as well. 
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Figure 6-20: Sensitivity of initial peak tensile reaction force to structure-related variables 
As explained in Section 6.4.3, the value of the initial peak tensile reaction force depends on the 
resultant of the impact and inertial forces. By increasing the λ value, the impact force reduces, 
as explained in Section 6.5.1. Since in this study an increase in the value of λ was achieved by 
increasing the height of the column, a rise in the λ results in an increase in the columns’ mass 
which in turn increases the inertial force. Therefore, by increasing the slenderness ratio, the 
resultant force, which is in the same direction as the inertial force, increases which justifies the 
direct relationship between the initial peak tensile reaction force and the slenderness ratio. An 
increase in the concrete compressive strength causes an increase in the impact force as 
explained in Section 6.5.1. This results in a decrease in the resultant force which leads to 
development of smaller initial peak tensile reaction force value. Similarly, a decrease in the 
concrete compressive strength reduces the impact force which leads to an increase in the 
resultant force and initial peak reaction force in tension. Furthermore, lowering the outer or 
inner tube diameter-to-thickness ratio causes a rise in the impact force, as described in Section 
6.5.1, and the inertial force as the columns’ mass increases due to an increase in the thickness 
of the tubes. Since the relative increase in the inertial force is higher than that of the impact 
force, the resultant force increases in the direction of the impact and initial peak tensile reaction 
force increases. In a similar way, one can explain the reason for a reduction in the initial peak 
tensile reaction force as a result of an increase in the outer or inner tube diameter-to-thickness 
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ratio. As presented in Section 6.5.1, a reduction in hollowness ratio from the reference value 
causes an increase in the impact force. In this study, a reduction in hollowness ratio from the 
reference value reduces the columns’ mass as well which leads to a reduction in the inertial 
force. Therefore, one should expect a reduction in the resultant force and hence a reduction in 
the initial peak tensile reaction force. On the other hand, an increase in the hollowness ratio 
from the reference value lowers the impact force as seen in Section 6.5.1. In this study, an 
increase in hollowness ratio from the reference value decreases the columns’ mass leading to 
a reduction in the inertial force. The relatively higher decrease in the inertial force compared 
to that of impact force could explain the relationship between the initial peak tensile reaction 
force and the hollowness ratio in this part of the curve. 
It can be observed from Figure 6-20 that the initial peak tensile reaction force exhibits high 
sensitivity with respect to the changes in outer tube diameter-to-thickness ratio followed by 
slenderness ratio and hollowness ration (when χ≥0.22). Whilst the sensitivity of initial peak 
tensile reaction force to changes in the hollowness ratio (when χ<0.22), inner tube diameter-
to-thickness ratio and concrete compressive strength is noticeable, it is less significant that the 
other cases. 
Figure 6-21: Influence of sectional shape on initial peak tensile reaction force 
Figure 6-21 shows that changing the column sectional shape from circular to square causes 
56.1% reduction in initial peak tensile reaction force. This can be justified by the fact that using 
the square section compared to the circular section increases the impact force (as seen in 
Section 6.5.3) and reduces the columns’ mass (the mass of the selected square column is 
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approximately 14% less than that of circular one in this study) which in turn lowers the inertial 
force value. Therefore, one should expect a reduction in the resultant force and initial peak 
tensile reaction force. 
Figure 6-22: Influence of boundary conditions on initial peak tensile reaction force 
Figure 6-22 demonstrates that by restraining the end rotations, the initial peak tensile reaction 
force increases, significantly. Using fixed-pinned or fixed-fixed supported boundary 
conditions, compared to the pined-pined boundary conditions, increases the initial peak tensile 
reaction force by 62.3% and 146.7%, respectively.  
6.5.4 Initial peak total reaction forces in compression  
Figure 6-23 presents the effect of the structure-related parameters on the initial peak reaction 
force in compression. As seen from this figure the initial peak compressive reaction force is 
directly proportional to the concrete compressive strength and it is inversely proportional to 
the outer tube diameter-to-thickness ratio, inner tube diameter-to-thickness ratio, slenderness 
ratio and hollowness ratio. 
As explained in Section 6.4.4, the main parameter which controls the value of the initial peak 
compressive reaction force in this phase is the impact force. Knowing this, one should expect 
a rise in the initial peak compressive reaction force by increasing the concrete compressive 
strength or decreasing the outer tube diameter-to-thickness ratio, inner tube diameter-to-
thickness ratio, slenderness ratio or hollowness ratio as these changes lead to an increase in the 
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impact force as seen in Section 6.5.1. Similarly, a reduction in the initial peak compressive 
reaction force should be expected as the concrete compressive strength decreases or outer tube 
diameter-to-thickness ratio, inner tube diameter-to-thickness ratio, slenderness ratio or 
hollowness ratio increases. 
Figure 6-23: Sensitivity of initial peak compressive reaction force to structure-related 
variables 
From Figure 6-23, it can be observed that the initial peak compressive reaction force in the 
most sensitive to changes in the ratio of outer tube diameter-to-thickness ratio followed by 
slenderness ratio. The sensitivity of the initial peak compressive reaction force to the variation 
in the concrete compressive strength, inner tube diameter-to-thickness ratio and hollowness 
ratio is noticeable but less significant than the first two mentioned variables. 
Figure 6-24 shows that changing the column sectional shape from circular to square causes 
41.3% rise in the initial peak compressive reaction force. Furthermore, Figure 6-25 
demonstrates that by using fixed-pinned or fixed-fixed supported boundary conditions, instead 
of pined-pined supported boundary conditions, the initial peak compressive reaction force 
increases by 67.4% and 144.2%, respectively. An increase in the initial peak compressive 
reaction force due to the use of CFDST with square section or restraining the end rotations can 
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be justified by the fact that these variations result in an increase in the impact force, which is 
directly related to the initial peak compressive reaction force. 
Figure 6-24: Influence of sectional shape on initial peak compressive reaction force 
Figure 6-25: Influence of boundary conditions on initial peak tensile reaction force 
6.5.5 Total reaction force duration  
Figure 6-26 shows the effect of the structure-related parameters on the total reaction force 
duration. Whilst, the reaction force duration has an inverse relationship with the concrete 
compressive strength, it has a direct relationship with outer tube diameter-to-thickness ratio, 
inner tube diameter-to-thickness ratio, slenderness ratio and hollowness ratio. 
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Figure 6-26: Sensitivity of reaction force duration to structure-related variables 
A comparison between Figure 6-26 and Figure 6-17 reveals that all curves in Figure 6-26 
follow similar trend as the corresponding curves in Figure 6-17. A rise in the impact duration 
due to any variation in the structure-related parameters leads to prolongation of the reaction 
force duration. Similarly, a decrease in the impact duration due to any variation in the structure-
related parameters causes a reduction in the reaction force duration.  
From Figure 6-26, it can be observed that the sensitivity of reaction force duration to the 
changes in the slenderness ratio and the outer tube diameter-to thickness-ratio is substantial. 
Moreover, the sensitivity of reaction force duration to the variations in hollowness ratio and 
inner tube diameter-to-thickness ratio is visible but less significant than the slenderness ratio 
and the outer tube diameter-to-thickness ratio. The sensitivity of the reaction force duration to 
the variations in the concrete compressive strength is relatively negligible.  
Whilst Figure 6-27 demonstrates that changing the column’s sectional shape from circular to 
square causes 56.4% reduction in total reaction force duration, Figure 6-28 shows that by 
employing fixed-pinned or fixed-fixed boundary conditions, the total duration of reaction force 
decreases, compared to the pined-pined support conditions, by 29.7% and 46.7%, respectively. 
Shortening of the impact duration due to the use of a CFDST column with square section or 
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provision of rotational restraints at the columns’ ends, would obviously contributes in a 
reduction in the duration of the total reaction force. 
Figure 6-27: Influence of sectional shape on reaction force duration 
Figure 6-28: Influence of boundary conditions on reaction force duration 
6.5.6 Maximum deflection  
Figure 6-29 shows the influence of the structure-related parameters on the global maximum 
deflection of the CFDST column during impact. It can be observed from this figure that the 
column’s maximum deflection is inversely proportional to the concrete compressive strength 
and the hollowness ratio, while it is directly proportional to the outer tube diameter-to-thickness 
ratio, the inner tube diameter-to-thickness ratio and the slenderness ratio. 
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Figure 6-29: Sensitivity of column’s maximum deflection to structure-related variables 
The inverse relationship between the column’s maximum deflection and the concrete 
compressive strength can be explained using Equation 2-7 proposed by Tao and Yu (2006) to 
calculate the flexural capacity of CFDST members. It is clear that by increasing the concrete 
compressive strength, the value of fscy increases which causes an increase in the flexural 
capacity of the CFDST column. A rise in the column flexural capacity leads to a decrease in 
the column’s maximum deflection, consequently. Similarly, a reduction in the concrete 
compressive strength causes a decrease in the bending capacity of the column which leads to 
an increase in the column’s maximum deflection. Using Equation 2-7, the inverse relationship 
between the CFDST column’s maximum deflection and the hollowness ratio can also be 
justified. An increase in the hollowness ratio results in an increase in the value of fscy, γm1 and 
γm2 which in turn leads to an increase in the flexural capacity of the column. A rise in the 
flexural capacity reduces the maximum deflection of the column, consequently. In the same 
way, a decrease in the hollowness ratio results in a decrease in the value of fscy, γm1 and γm2 
which in turn leads to a decrease in the bending capacity of the column causing an increase in 
the column’s maximum deflection. Additionally, the direct relationship between the maximum 
deflection of the CFDST column and the outer tube diameter-to-thickness ratio as well as the 
inner tube diameter-to-thickness ratio can be justified using Equation 2-7 and based on the fact 
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that a reduction in the outer tube diameter-to-thickness ratio or inner tube diameter-to-thickness 
ratio leads to an increase in the column’s bending stiffness and flexural resistance, causing a 
reduction in the column’s maximum deflection. Similarly, a rise in the ratio of the outer tube 
diameter-to-thickness ratio or inner tube diameter-to-thickness ratio results in a reduction in 
bending resistance, causing higher maximum deflection. The inverse relationship between the 
column’s maximum deflection and the slenderness ratio can be explained by the fact that a 
reduction in the slenderness ratio lessens the second order effect which in turn improves the 
moment capacity of the CFDST column and reduces the maximum deflection. A rise in 
slenderness ratio lowers the moment capacity of the CFDST column and increases the 
maximum deflection.  
As observed from Figure 6-29, the column’s maximum deflection is very sensitive to changes 
in the slenderness ratio followed by the outer tube diameter-to-thickness ratio. The sensitivity 
of the column’s maximum deflection to changes in the concrete compressive strength, inner 
tube diameter-to-thickness ratio and hollowness ratio is minor. 
Figure 6-30: Influence of sectional shape on maximum deflection 
Figure 6-30 shows that changing the column’s sectional shape from circular to square causes 
24.9% reduction in the maximum deflection. Furthermore, Figure 6-31 shows that the use of 
fixed-pinned or fixed-fixed boundary conditions, reduces the maximum global deflection of 
the column, compared to the pined-pined support conditions, by 27.7% and 45.7%, 
respectively. Reduction in the maximum defection of the CFDST column due to the use of a 
square section instead of a circular one or restraining the rotations of the columns’ ends instead 
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of releasing them, can be explained based on the fact that the square section or the rotational 
restraint at the column’s ends provides higher bending resistance causing a reduction in the 
maximum deflection. 
Figure 6-31: Influence of boundary conditions on maximum deflection 
6.5.7 Residual deflection  
Figure 6-32 reflects the influence of the structure-related parameters on the global residual 
deflection of the CFDST column in the impact events.  
Figure 6-32: Sensitivity of column’s residual deflection to structure-related variables 
  Chapter 6: Parametric Sensitivity Analysis                                                                           219                                                                             
 
As seen from this figure, the column’s residual deflection is inversely proportional to the 
concrete compressive strength and hollowness ratio. On the other hand, it is directly related to 
the outer tube diameter-to-thickness ratio, the inner tube diameter-to-thickness ratio and the 
slenderness ratio.  
By comparing Figure 6-32 and Figure 6-29, it can be concluded that changes in the residual 
deflection of the CFDST column due to the changes in the various structure-related parameters 
follow a trend similar to that of the maximum deflection. The same argument as provided in 
Section 6.5.6 can be used to justify the relationship between the residual deflection and the 
variables.  
Figure 6-32 shows that the column’s residual deflection is prominently sensitive to variation 
of slenderness ratio followed by outer tube diameter-to-thickness ratio. Whilst the sensitivity 
of the residual deflection to changes in the concrete compressive strength is visible, it is 
relatively minor to changes in the inner tube diameter-to-thickness ratio and hollowness ratio.  
Figure 6-33:  Influence of sectional shape on residual deflection 
Figure 6-33 demonstrates that changing the column sectional shape from circular to square 
causes 43.5% reduction in residual deflection. Furthermore, Figure 6-34 shows that the use of 
fixed-pinned and fixed-fixed boundary conditions, decreases the residual deflection of the 
column, compared to the pined-pined support conditions, by 31.4% and 50%, respectively. 
Reduction in the residual defection of the CFDST column by using the square section instead 
of the circular one, or by restraining the rotations at the column ends can be justified as in 
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Section 6.5.6 for the drop in the maximum defection of the CFDST column under the same 
conditions.  
Figure 6-34: Influence of boundary conditions on residual deflection 
6.5.8 Local buckling length  
Figure 6-35 depicts the effect of the structure-related parameters on the length of the permanent 
local buckling of the CFDST column. The column’s local buckling length is prominently 
sensitive to the changes in the concrete compressive strength and hollowness ratio (when χ ≥ 
0.27). Whilst, the length of the local buckling is directly proportional to the hollowness ratio, 
it is inversely related to the concrete compressive strength. The rate of change in the column’s 
local buckling length reduces considerably as the concrete compressive strength reduces or 
increases with respect to the reference value. From , it can also be observed that the variation 
of the outer tube diameter-to-thickness ratio, the inner tube diameter-to thickness ratio and the 
slenderness ratio do not have any visible effect on the length of the local bucking, for the range 
of parameters studied here. These means that the concrete compressive strength and hollowness 
ratio (when χ ≥ 0.27) are the main parameters controlling the local buckling length of the 
CFDST column.  
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An increase in the concrete compressive strength would naturally enhance the local resistance 
of the steel tubes and hence reduce the local buckling length. In the same way, a decrease in 
the concrete compressive strength results in reduction of the local resistance of the steel tubes 
which leads to a wider local buckling length. Increasing the hollowness ratio results in having 
thinner concrete core layer. Additionally, according to Uenaka et al. (2010), who studied the 
behaviour of CFDST columns under compression, the concrete strength enhancement due to 
the confinement effect decreases as the hollowness ratio increases. Therefore, one should 
expect wider local buckling as the hollowness ratio increases. Similarly, lowering the 
hollowness ratio results in having thicker concrete layer with higher strength which leads to 
shorter local buckling length.  
Figure 6-35: Sensitivity of local buckling length to structure-related variables 
Figure 6-36 demonstrates that the use of a column with square cross-section as compared to 
the circular section causes 100% reduction in the length of local bucking (i.e., no sign of local 
buckling was observed on the CFDST column with the square section). Moreover, Figure 6-37 
shows that fixing the columns’ boundary conditions increases the length of the local buckling; 
however, the change is negligible. 
 
χ=0.27 
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Figure 6-36: Influence of sectional shape on local buckling length 
  Figure 6-37: Influence of boundary conditions on local buckling length 
6.5.9 Local buckling depth  
Figure 6-38 reflects the effect of the structure-related parameters on the permanent local 
buckling depth of the CFDST column. Whilst, the depth of local buckling of the CFDST 
column has an inverse relationship with the concrete compressive strength, it has a direct 
relationship with the outer tube diameter-to-thickness ratio, the inner tube diameter-to-
thickness ratio, the slenderness ratio and hollowness ratio (when χ ≥ 0.27).  
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As depicted in Figure 6-38, the rate of change in columns’ local buckling depth decreases 
considerably as the concrete compressive strength and outer tube diameter-to-thickness ratio 
decreases or increases with respect to the reference values. 
Figure 6-38: Sensitivity of local buckling depth to structure-related variables  
Increasing the concrete compressive strength enhances the local resistance of the column and 
hence reduces the depth of the local buckling. In the same way, decreasing the concrete 
compressive strength reduces the local resistance of the column and hence increases the depth 
of the local buckling. Lowering the outer tube diameter-to-thickness ratio improves the local 
resistance of the tube and enhances the concrete strength by increasing the confinement effect 
(Tao, Han, & Zhao, 2003; Uenaka et al., 2010). Similarly, increasing the outer tube diameter-
to-thickness ratio reduces the local resistance of the tubes and leads to a reduced concrete 
strength enhancement. Therefore, one should expect to observe deeper local buckling as outer 
tube diameter-to-thickness ratio increases and shallower local buckling as the ratio reduces.  
Moreover, the direct relationship between the columns’ local buckling depth and the inner tube 
diameter-to-thickness ratio can be justified based on the fact that reducing this ratio increases 
the local resistance of the column resulting in shallower depth of local buckling. Similarly, 
increasing this ratio reduces the local resistance of the column leading to a deeper local 
buckling. It should be mentioned that according to Han, Tao, Huang, and Zhao (2004) and 
χ=0.27 
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Uenaka et al. (2010), the contribution of the inner tube to the confinement effect is  negligible. 
Furthermore, lowering the hollowness ratio, increases the thickness of the concrete core layer 
and enhances the concrete strength by improving the confinement effect which results in an 
increase in the local resistance of the column and a reduction in the depth of local buckling. 
Using the same fact, one can explain the reason for a deeper local buckling as the hollowness 
ratio increases. 
As observed from Figure 6-38, the column’s local buckling depth is highly sensitive to 
variation of the concrete compressive strength, outer tube diameter-to-thickness ratio and 
hollowness ratio (when χ ≥ 0.27). Its sensitivity to changes in the slenderness ratio, inner tube 
diameter-to-thickness ratio and hollowness ratio (when χ<0.27) is relatively insignificant. 
Figure 6-39 shows that the use of a column with square cross-section as compared to the 
circular section causes 100% reduction in the depth of local bucking (i.e., no sign of local 
buckling was observed on the CFDST column with the square section). Additionally, Figure 
6-40 shows that using fixed-pinned boundary conditions, compared to pinned-pinned boundary 
conditions, reduces the depth of the local buckling by 7%. The reduction in the local buckling 
depth when the fixed-fixed boundary conditions are used is 8.4%, compared to the pinned-
pinned support.  
Figure 6-39: Influence of sectional shape on local buckling depth 
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Figure 6-40: Influence of boundary conditions on local buckling depth 
6.6 Concluding Remarks 
This chapter presented the results of the parametric sensitivity study, which sought to 
investigate the effects of several load and structure-related parameters on the behaviour of 
axially loaded CFDST columns subjected to lateral impact and determine the sensitivity of key 
columns’ response parameters to changes in the identified input variables. The study was 
conducted using a reference finite element model developed based upon the successfully 
validated numerical techniques described in Chapter 5 and by varying one parameter at a time 
within the specified ranges. The key response parameters were the initial peak impact force 
(Fm), impact duration (ti), initial peak total reaction force in tension (Rmt), initial peak total 
reaction force in compression (Rmc), total reaction force duration (tr), maximum deflection (δm), 
residual deflection (δr), length of local buckling (Lb) and depth of local buckling (Db) of the 
CFDST column. The input load variables were the mass of striker (Mi/m), initial impact 
velocity (Vo), impact location (α), initial contact area (D’i/L) and axial load level (n). The input 
structural variables were concrete unconfined compressive strength (f’c), outer tube diameter-
to-thickness ratio (Do/to), inner tube diameter-to-thickness ratio (Di/ti), hollowness ratio (χ), 
slenderness ratio (λ), CFDST column’s sectional shape and CFDST column’s boundary 
conditions. Based on the results of the parametric sensitivity studies, the following conclusions 
may be drawn: 
1. The initial peak impact force is directly proportional to the ratio of impactor’s mass to 
columns’ mass, initial impact velocity, impact location, the ratio of diameter of the 
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impact head to the column length and concrete compressive strength. In this study, a 
decrease in axial load level, n, from its reference value (i.e., n=0.3) led to a reduction 
of the initial peak force. However, an increase in n, initially raised the initial peak force 
slightly but lowered it later. Additionally, the initial peak impact force is inversely 
proportional to outer tube diameter-to-thickness ratio, inner tube diameter-to-thickness 
ratio, hollowness ratio and slenderness ratio.  
2. The initial peak impact force is most sensitive to variation of initial impact velocity 
followed by the ratio of diameter of the impact head to the column length among the 
load-related parameters and outer tube diameter-to-thickness ratio followed by concrete 
compressive strength and hollowness ratio among the structure-related parameters. The 
use of CFDST column with a square cross-section as opposed to a circular one 
appreciably (by nearly 38%) increases the initial peak force. Providing the rotational 
restraints at columns’ ends moderately (4.1% in the fixed-pinned condition and 9.2% 
in fixed-fixed condition) increases the initial peak impact force. 
3. The impact duration has a direct relationship with the ratio of impactor’ mass to the 
column mass, initial impact velocity, outer tube diameter-to-thickness ratio, inner tube 
diameter-to-thickness ratio, hollowness ratio and slenderness ratio. Moreover, the 
impact duration has an inverse correlation with impact location, the ratio of diameter of 
the impact head to the column length and concrete compressive strength. In this study, 
a decrease in n from its reference value led to an increase in the impact duration. 
However, an increase in n, initially lowered the impact duration, slightly, but started to 
raise it later.  
4. The impact duration exhibits high sensitivity to changes in impact location and the ratio 
of impactor’s mass to columns’ mass, axial load level (when n<0.3) and initial impact 
velocity among the load-related parameters, and outer tube diameter-to-thickness ratio 
and slenderness ratio among the structure-related parameters. The use of CFDST 
column with a square cross-section as opposed to a circular one moderately (12.3%) 
reduces the impact duration. Providing the rotational restraints at columns’ ends 
noticeably (16.1% in the fixed-pinned condition and 38.4% in fixed-fixed condition) 
shortens the impact duration. 
5. The initial peak reaction force in tension has a direct relationship with the ratio of 
impactor’s mass to the column mass, initial impact velocity, the ratio of diameter of the 
impact head to the column length and slenderness ratio. Additionally, the initial peak 
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tensile reaction force has an inverse correlation with impact location, concrete 
compressive strength, outer tube diameter-to-thickness ratio and inner tube diameter-
to-thickness ratio. In this study, a decrease in axial load level from its reference value 
raised the initial peak tensile reaction force. However, an increase in axial load level, 
initially reduced the initial peak tensile reaction force, slightly, but started to increase it 
later. A reduction in hollowness ratio from its reference value (i.e., χ=0.22) led to a 
reduction of the initial peak tensile reaction force. An increase in χ, lowered the initial 
peak tensile reaction force as well.  
6. Among the load-related parameters, the initial peak tensile reaction force exhibits high 
sensitivity with respect to the changes in impact location, initial impact velocity and 
axial load level (when n<0.3). Moreover, among the structure-related parameters, the 
initial peak tensile reaction force presents high sensitivity with respect to the changes 
in outer tube diameter-to-thickness ratio followed by slenderness ratio and hollowness 
ratio (when χ≥0.22). Changing the column sectional shape from circular to square 
significantly (i.e., 56.1%) reduces the initial peak tensile reaction force. Providing the 
rotational restraints at columns’ ends substantially (i.e., 62.3% in fixed-pinned 
condition and 146.7% in fixed-fixed condition) increases the initial peak tensile reaction 
force.  
7. The initial peak compressive reaction force has a direct relationship with the ratio of 
impactor’s mass to column’s mass, initial impact velocity, the ratio of diameter of the 
impact head to the column length and concrete compressive strength. Furthermore, 
initial peak compressive reaction force has an inverse relationship with impact location, 
outer tube diameter-to-thickness ratio, inner tube diameter-to-thickness ratio, 
slenderness ratio and hollowness ratio. In this investigation, a decrease in axial load 
level from its reference value led to a reduction of the initial peak compressive reaction 
force. However, an increase in axial load level, initially raised the initial peak 
compressive reaction force, slightly, but lowered it later.  
8. Among the load-related parameters, the initial peak compressive reaction force is the 
most sensitive to changes in impact location and initial impact velocity. Furthermore, 
among the structure-related parameters, the initial peak compressive reaction force is 
greatly sensitivity to changes in outer tube diameter-to-thickness ratio. Changing the 
column sectional shape from circular to square significantly (i.e., 41.3%) increases the 
initial peak compressive reaction force. Providing rotational restraints at columns’ ends 
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substantially (67.4% in fixed-pinned condition and 144.2% in fixed-fixed condition) 
increases the initial peak compressive reaction force.  
9. The duration of the reaction force is directly proportional to changes in ratio of 
impactor’ mass to the column’s mass, initial impact velocity, outer tube diameter-to-
thickness ratio, inner tube diameter-to-thickness ratio, slenderness ratio and hollowness 
ratio. Moreover, reaction force duration has an inverse relationship with the ratio of 
diameter of the impact head to the column length, impact location and concrete 
compressive strength. In this study, a decrease in axial load level from its reference 
value led to an increase in the reaction force duration. However, an increase in axial 
load level, initially lowered the reaction force duration, slightly, but started to raise it 
later.  
10. The total reaction force duration is the most sensitive to changes in impact location, 
axial load level (when n<0.3), and ratio of impactor’s mass to columns’ mass among 
the load-related parameters, and slenderness ratio and outer tube diameter-to-thickness 
ratio among structure-related parameters. Changing the column sectional shape from 
circular to square greatly (56.4%) shortens the total reaction force duration. Provision 
of the rotational restraints at columns’ ends considerably (29.7% in fixed-pinned 
condition and 46.7% in fixed-fixed condition) reduces the total reaction force duration.  
11. The column maximum deflection is directly proportional to the ratio of impactor’s mass 
to columns’ mass, initial impact velocity, axial load level, outer tube diameter-to-
thickness ratio, inner tube diameter-to-thickness ratio and slenderness ratio. 
Additionally, the column maximum deflection is inversely related to impact location, 
the ratio of diameter of the impact head to the column length, concrete compressive 
strength and hollowness ratio.  
12. The column maximum global deflection is primarily sensitive to variation of initial 
impact velocity, ratio of impactor’s mass to columns’ mass and impact location among 
the load-related parameters and slenderness ratio among the structure-related 
parameters. Changing the column sectional shape from circular to square appreciably 
(i.e., 24.9%) reduces the maximum deflection. Provision of the rotational restraints at 
columns’ ends noticeably (27.7% in fixed-pinned condition and 45.7% in fixed-fixed 
condition) drops the maximum global deflection of the column.  
13. The column residual deflection is directly proportional to the ratio of impactor’s mass 
to column’s mass, initial impact velocity, axial load level, outer tube diameter-to-
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thickness ratio, inner tube diameter-to-thickness ratio and slenderness ratio. 
Furthermore, the column residual deflection is inversely related to impact location, the 
ratio of diameter of the impact head to the column length, concrete compressive strength 
and hollowness ratio.  
14. The column residual deflection is greatly sensitive to variation of initial impact velocity, 
ratio of impactor’ mass to columns’ mass and impact location among the load-related 
parameters and slenderness ratio among the structure-related parameters. Changing the 
column sectional shape from circular to square considerably (i.e., 43.5%) reduces the 
residual deflection. Providing the rotational restraints at columns’ ends appreciably 
(i.e., 31.4% in fixed-pinned condition and 50% in fixed-fixed condition) decreases the 
residual deflection of the column.  
15. The column’s local buckling length is directly proportional to the ratio of impactor’s 
mass to column’ mass, initial impact velocity, axial load level, ratio of diameter of the 
impact head to the column length and hollowness ratio. In addition, the column’s local 
buckling length is inversely proportional to impact location and concrete compressive 
strength. The variation of outer tube diameter-to-thickness ratio, inner tube diameter-
to-thickness ratio and slenderness ratio do not show any visible effect on the length of 
the local bucking.  
16. The column’s local buckling length is greatly sensitive to variation of initial impact 
velocity and ratio of diameter of the impact head to the column length among the load-
related parameters and concrete compressive strength and hollowness ratio (when χ ≥ 
0.27) among the structure-related parameters. The use of a column with square cross-
section as compared to the circular one prevented formation of local buckling in this 
study. Providing the rotational restraints at columns’ ends has a negligible effect on the 
local buckling length. 
17. The depth of the local buckling of the CFDST column has a direct relationship with the 
ratio of impactor’s mass to column’s mass, initial impact velocity, axial load level, outer 
tube diameter-to-thickness ratio, inner tube diameter-to-thickness ratio, slenderness 
ratio and hollowness ratio (when χ ≥ 0.27). Moreover, the depth of the local buckling 
is inversely related to the ratio of diameter of the impact head to the column length, 
impact location and concrete compressive strength.  
18. The column’s local buckling depth is highly sensitive to variation of initial impact 
velocity, impact location and ratio of diameter of the impact head to the column length 
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among load-related parameters and concrete compressive strength, outer tube diameter-
to-thickness ratio and hollowness ratio (when χ ≥ 0.27) among the structure-related 
parameters. The use of a column with square cross-section as compared to the circular 
one prevented formation of local buckling in this study. Providing the rotational 
restraints at columns’ ends moderately (i.e., 7% in fixed-pinned condition and 8.4% in 
fixed-fixed condition) reduces the depth of the local buckling. 
Overall, for a credible impact event, the initial impact velocity, the impact location and the 
ratio of impactor’s mass to the column’s mass, among load-related parameters and the outer 
tube dimeter-to-thickness ratio, the slenderness ratio and the hollowness ratio, among structure-
related parameters, have most influence on the impact response of a CFDST column. These 
findings can be employed to formulate simplifying assumptions on the CFDST column 
behaviour under lateral impact and develop appropriate equations and design calculation 
methods for CFDST columns under such loading conditions. 
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Chapter 7: Comparative Study on Behaviour of CFDST and CFST 
Columns Subjected to Lateral Impact 
 
7.1 Introduction 
CFDSTs are commonly being recognized as a new type of the well-known CFST columns 
which have almost all the same advantages as the CFSTs; however, they have higher bending 
stiffness, better cyclic performance and better fire resistance (Han, Huang, Tao, & Zhao, 2006; 
Han, Tao, Huang, & Zhao, 2004; Lu, Zhao, & Han, 2007; Tao, Han, & Zhao, 2003). A 
numerical investigation by Fouché and Bruneau (2010) showed that CFDST columns emulate 
CFST columns in terms of their blast response and can reach higher deformation limit than 
CFSTs. However, there has been no study yet to compare the performance of CFDST and 
CFST columns under combination of axial and lateral impact loading. With this in mind, one 
of the objectives of this research was set to bridge this gap and conduct a comparative study. 
The results of this comparative study would provide some guidelines which may assist 
designers in choosing a column type that can perform well when it is exposed to lateral impact. 
This chapter presents the results of a study conducted to compare the performance of the axially 
pre-loaded CFDST and CFST columns under lateral impact. Initially, a finite element model 
of the CFST column under lateral impact was developed. The model was then validated by 
comparing the results of finite element analysis with experimental results available in literature. 
Subsequently, the validated finite element model of the CFST column under impact loading 
along with the validated finite element model of the CFDST column subjected to lateral impact 
loading, as presented in Chapter 5, were employed as the basis to perform the comparative 
study. The comparison was based on nine identified key response parameters which were the 
initial peak impact force, impact duration, initial peak total reaction force in tension, initial 
peak total reaction force in compression, total reaction force duration, maximum deflection, 
residual deflection, length of local buckling and depth of local buckling of the two columns.   
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7.2 Development and Validation of Numerical Model of CFST Columns under Lateral 
Impact 
Prior to conducting the comparative study, it was necessary to develop a finite element model 
to simulate the response of the CFST columns subjected to lateral impact and validate it for its 
accuracy and adequacy. The validation was performed by comparing the results obtained from 
the finite element simulation with those of experiments reported in literature.  
The following subsections provide a brief description of the impact tests conducted on CFST 
columns (as reported in the literature), provide details of the finite element models’ 
characteristics, explain the processes and engineering choices made in developing the models 
and compare the results from the finite element simulations with those from the experiments. 
7.2.1 Experiments reported in the literature 
Wang, Han, and Hou (2013) conducted an experimental study on fixed-sliding supported CFST 
members impacted at the mid-span in an instrumented drop-weight impact facility with a 30 
mm×80 mm rigid rectangular flat-headed indenter. Their test set-up is shown in Figure 7-1. In 
each experiment, the axial load was applied on the specimen by a hydraulic jack through a 
column of 60 annular disc-springs with an outer diameter of 250 mm, an inner diameter of 127 
mm and thickness of 14 mm, stacked together on the shaft behind the sliding support. The 
intention for using the compression disc-springs in the tests was to keep the axial load constant 
during the impact loading. A load cell, located between the disc-springs and the axial hydraulic 
jack, was used to monitor the axial load level during the impact process. Furthermore, a load 
cell, positioned between the indenter and the weight element of the rig, was employed to obtain 
the impact force during the impact event. In addition to the time-history of the impact force 
and axial force, the global deflection of the specimens after impact was also measured and 
recorded. 
In these experiments, all specimens were made of cold-formed steel CHS tubes filled with 
concrete, as depicted in Figure 7-2. In the tests which were selected to simulate in this study 
(i.e., Test ID: DZF26 and DZF31), the specimens had the same geometrical and material 
characteristics, the mass of the impactor (i.e., drop-hammer) was 229.8 kg, and the initial 
impact velocity was 11.7 m/sec. The only difference between the DZF26 test and DZF31 test 
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was the amount of the applied axial load. The axial load in DZF26 test and DZF31 test was 0% 
and 30% of the axial capacity of the columns, correspondingly.  
Table 7-1 and Table 7-2 contain the summary of geometrical and material characteristics of the 
simulated CFST specimens, respectively. The detailed description on the experimental 
program can be found in (Wang et al., 2013). 
Figure 7-1: Test setup in the experiments conducted by Wang et al. (2013) 
Figure 7-2: CFST columns’ profile in the DZF26 and DZF31 tests conducted by Wang et al. 
(2013) 
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Table 7-1: Key geometrical characteristics of the simulated CFST columns (Wang et al., 2013)  
Parameter Value 
Specimen’s length-L (m) 1.2 
Outside diameter of tube-D (mm) 114 
Wall thickness of tube-t (mm) 3.5 
Table 7-2: Key material characteristics of the simulated CFST columns (Wang et al., 2013) 
 
 
 
 
 
 
 
7.2.2 Development of numerical model  
The explicit dynamic nonlinear finite element program LS-DYNA (version 971) (LS-DYNA-
Livermore Software Technology Corp) was employed to simulate the lateral impact response 
of CFST columns. Creation of the model’s geometry and construction of the finite element 
mesh were carried out using PATRAN (version 2013). The rest of features of the model were 
set-up in LS-PrePost (version 4.0). Additionally, the LS-PrePost (version 4.0), was used as 
postprocessor to process the results from LS-DYNA analyses and visualize the complied 
results. The details of the finite element model’s characteristics are provided in the following 
subsections. 
Parameter Value 
Average unconfined compressive strength of 150 mm 
× 150 mm × 150 mm cube concrete, fcu (MPa) 
48.7 
Density of concrete, ρc (kg/m3) 2350 (assumed) 
Maximum aggregate size, MAS (mm) 20 (assumed) 
Yield strength of steel tube, fy (Mpa) 298 
Young’s modulus of steel tube, E, (GPa) 201 
Ultimate strength of steel tube, fu (Mpa) 406 
Poisson’s ratio of steel tube, ν 0.3 (assumed) 
Density of steel tube, ρs (kg/m3) 7850 (assumed) 
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7.2.2.1 Discretisation and finite element formulations 
The finite element model comprised of a concrete core, a steel tube, an indenter and two end 
plates as shown in Figure 7-3.  
Figure 7-3: View of the numerical model developed to simulate the impact tests conducted 
by Wang et al. (2013)  
Since only the indenter of the drop-hammer was modelled to save the model construction and 
computation time, the indenter’s density was altered such that it could represent total mass of 
the drop-hammer (i.e., 229.8 kg). Whilst, the surface of the indenter which was contacting the 
columns was modelled identical to experiments, the other geometries of the indenter were 
simplified during the model development process to reduce the model construction and 
computational time. As it can be seen from Figure 7-3, the disc-springs were not modelled here. 
Whilst, the dimensions of the disc-springs used in the impact tests conducted by Wang et al. 
(2013) were provided in their report, the material and stiffness characteristics of the disc-
springs were not made available. Additionally, the time-history curve of the axial load was not 
provided in (Wang et al., 2013). These issues made it very difficult to construct the model of 
the disc-springs. However, Wang et al. (2013) stated in their report that “The compression 
springs allowed imposing a desired level of axial load to the specimen and kept the axial load 
as constant during the impact loading.”. Based on this statement and the fact that the role of 
End plate 
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the disc-springs in the experiments was solely to maintain the axial load constant during impact 
and considering the difficulty in modelling the disc-springs with unknown characteristics and 
based on the results of a parametric sensitivity analysis reported in (Aghdamy, Thambiratnam, 
Dhanasekar, & Saiedi, 2015) which shows that the change in axial load does not have a 
substantial effect on key impact responses of CFST columns, the disc-springs were not 
modelled and the axial load was considered constant and applied directly as a uniform surface 
pressure over the end plates.  
The indenter and concrete core were modelled using 8-node hexahedron “constant stress” solid 
elements with single point integration. Due to the aspect ratio and computational efficiency, 
the tube and end plates were modelled using 4-node quadrilateral thin shell elements with 
Belytschko-Tsay formulation (Belytschko & Tsay, 1981; Hallquist, 2007). For the shell 
elements, the number of integration points through thickness was set to five.  
7.2.2.2 Material models 
The concrete core was modelled using LS-DYNA MAT072R3 
((*MAT_CONCRETE_DAMAGE_REL3) (Hallquist, 2013). As mentioned in Section 5.2.3.1, 
MAT 072R3 has the ability to (i) incorporate strain rate effects for both tension and 
compression into the model, (ii) predict concrete strength as a function of confinement, (iii) 
model and modify softening of concrete through three independent deviatoric failure surfaces 
and damage mechanics, and (iv) include shear dilation, which is critical for confinement 
effects. Furthermore, MAT 072R3 provides the user with a simple tool to model concrete when 
little is known about the concrete properties by allowing automatic input parameter generation 
based only on the unconfined cylinder compressive strength and concrete density. These 
features made MAT 072R3 suitable for modelling the concrete model in this study.  
Since MAT 072R3 requires the unconfined compressive strength of 150 mm × 300 mm 
concrete cylinders, f’c (150 mm × 300 mm), the unconfined compressive strength of 150 mm × 150 
mm × 150 mm cube concrete, fcu (150 mm × 150 mm × 150 mm), reported in (Wang et al., 2013) was 
converted into 150 mm × 300 mm cylinder strength using Equation 7-1 proposed by Mansur 
and Islam (2002): 
𝑓𝑐 (150 mm × 300 mm)′ =
𝑓𝑐𝑢 (150 mm ×150 mm×150 mm)−9.94
1.01                                                Equation 7-1 
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Additionally, the tension-softening parameter b2 was adjusted to obtain the fracture energy, Gf, 
recommended by CEB-FIP-MC90 (1993) and control the behaviour of the model in strain 
softening. By assuming the maximum aggregate size to be 20 mm and knowing the concrete 
cylinder strength (f’c (150 mm × 300 mm) =38.4 MPa), the value of Gf and b2 were estimated to be 
95.7 N/m and 1.25, based on Equation 5-20 and Table 1 of the reference by (Magallanes, Wu, 
Malvar, & Crawford, 2010). The localization width, wc, was approximated to be three times 
that of the maximum aggregate size (i.e., wc=60) as recommended in (Hallquist, 2013). In order 
to introduce the strain rate effect in the model, a curve defining the relationship between 
effective strain rate and dynamic increasing factor (DIF), was constructed using the LS-DYNA 
define (load) curve function. The relationship between the DIF for concrete compressive 
strength and strain rate was modelled based on Equation 5-21 recommended in (CEB-FIP-
MC90, 1993). The relationship between the DIF for the concrete tensile strength and strain rate 
was modelled based on Equation 5-22 proposed by Malvar and Crawford (1998). 
The steel tube was modelled using the LS-DYNA MAT24 (*MAT_ 
PIECEWISE_LINEAR_PLASTICITY) with invoked viscoplastic strain-rate formulation. As 
mentioned in Section 5.2.3.2,  MAT 024 is the most commonly used elastic-plastic material 
model in LS-DYNA that allows strain rate dependency and failure based on plastic strain 
(Hallquist, 2013). To model the strain-hardening branch of stress- strain curve, the Equation 5-
31 proposed by Gattesco (1999) was employed. The engineering strain was converted to true 
strain using Equation 5-28, while the engineering stress was converted to true stress using 
Equation 5-29. Using data from true stress-true strain curve, the effective plastic strains, 
required for constructing the hardening curve, were calculated using Equation 5-30. To account 
for strain rate effects during impact loading, the Cowper-Symonds coefficients were specified 
in the model. The Cowper-Symonds coefficients for mild steel were taken as 40.4 (C) and 5 
(p) as recommended in (Jones, 2011).  
The indenter and end plates were assumed to be fully rigid and modelled using the LS-DYNA 
MAT20 (*MAT_RIGID).  
7.2.2.3 Contact algorithm 
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE algorithm, which is a penalty-
based contact algorithm, was employed to model the interaction between (1) the indenter and 
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the steel tube, and (2) the concrete core and the steel tube. The dynamic friction coefficient of 
0.6 and static friction coefficient of 0.7, proposed in (Sullivan, 1988),  were used for the 
interface between the indenter and the steel tube. For the interface between the steel tube and 
concrete core, the dynamic friction coefficient of 0.45 and static friction coefficient of 0.57 
were used, as recommended in (Rabbat & Russell, 1985; Sohel, 2009). The contact formulation 
was invoked by setting SOFT=1 in optional card A. SOFT=1 calculates contact stiffness based 
on stability considerations taking into account the time step. It is more effective than SOFT=0 
when materials with dissimilar stiffness and/or mesh densities come into contact (Hallquist, 
2007). To improve the model stability, the value of 20 was assigned to the viscus damping 
coefficient. 
Furthermore, *CONSTRAINED_EXTRA_NODES, which ties the nodes of a deformable 
surface to a rigid body, was used to connect the end plates to the CFST column’s ends.  
7.2.2.4 Boundary conditions 
Column boundary conditions were specified using the single point constraint (SPC) option in 
LS-DYNA. The column was constrained against all degrees of freedom apart from translation 
in the longitudinal direction (i.e., global X direction) at the sliding support. Additionally, the 
column was constrained against all global directions at the fixed support. To limit the motion 
of the indenter to the impacting direction, as in the experiments, its translational displacements 
were restrained in Global X and Y directions and its rotations were restrained in all global 
directions using card 2 of *MAT RIGID.  
7.2.2.5 Load application 
A combination of compressive axial (pre-loading) and impact load was applied. To combine 
the axial load, which is a rather static load, with the impact load, which is a transient load, in a 
single model, the explicit analysis with dynamic relaxation option was used due to its simplicity 
and efficiency.  
The axial load was applied as a uniform surface pressure over the end plates. The dynamic 
relaxation was invoked by setting parameter SIDR in the LS-DYNA define (load) curve 
function to 2. By completion of the dynamic relaxation phase, the model was stabilised and the 
axial stress in the column acted as initial conditions for the impact analysis. The convergence 
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behaviour (in terms of kinetic energy) for dynamic relaxation run in the simulated DZF31 test 
is depicted in Figure 7-4. Upon completion of dynamic relaxation phase, the transient impact 
load was applied on the model. 
To apply the impact load, the initial velocity in the global Z direction, which corresponded to 
the initial velocity of the indenter immediately before impacting the CFST column in the 
experiments (i.e., 11.7 m/sec), was assigned to the indenter.  
Figure 7-4: The convergence behaviour (in terms of kinetic energy) for the dynamic 
relaxation run in the simulated DZF31 test 
7.2.2.6 Hourglassing energy and damping effects 
In this study, the hourglass formulation 4 (Flanagan-Belytschko), which is a stiffness-based 
formulation, was used to control hourglassing in the under-integrated elements. The hourglass 
coefficient, Qhg, was taken as 0.03. Moreover, the damping effect was not considered due to 
the reasons explained in Section 5.2.8. 
7.2.2.7 Convergence study 
A mesh convergence study was carried out to find mesh sizes (or mesh density), which 
satisfactorily balance accuracy and computing resources. It was conducted by homogeneously 
halving the element size in each direction in each iteration. Figure 7-5a and Figure 7-5b show 
the plot of initial peak impact forces and residual displacements at the impact point against the 
average number of elements in 100 mm length in each direction based on the performed 
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convergence study. The results of the mesh convergence analysis suggested that the model with 
average element length of 5 mm in each direction (i.e., the average element size of 
approximately 5 mm× 5 mm × 5 mm =125 mm3 for solid element and 5 mm× 5 mm=25 mm2 
for shell elements) provided the optimum solution as further increase in number of elements 
had a marginal effect on the numerical results but led to a much longer calculation time.  
(a) Initial peak impact force vs. average number of elements in 100 mm length in each direction 
(b) Residual displacement vs. average number of elements in 100 mm length in each 
direction 
Figure 7-5: Convergence curves for CFST column model subjected to lateral impact based 
on performed mesh convergence study 
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7.2.3 Validation of numerical model   
In order to examine the adequacy of the developed numerical model of the axially loaded CFST 
columns under lateral impact loading, it was validated against the drop-weight impact tests 
reported in (Wang et al., 2013). As mentioned in Section 7.2.1, Wang et al. (2013) reported 
only the impact force-time histories and residual deflection data. Therefore, the validation was 
performed by comparing the numerical results with these available experimental results. Table 
7-3 presents the comparisons of the initial peak force (Fm), impact duration (ti) and residual 
deflection (δr). Figure 7-6 and Figure 7-7 show the comparisons of the simulated and 
experimental impact force-time histories for the DZF26 and DZF31 tests, respectively.  
Overall, the results compare reasonably in terms of the general trend of impact force-time 
history curves, as well as the values of initial peak impact force, impact duration and residual 
deflection.  
Table 7-3: Summary of comparison of numerical and experimental key results 
 
Figure 7-6: Comparison of simulated and experimental impact force-time histories for test 
DZF26 
 
 Test ID: DZF26 Test ID: DZF31 
 Experiment FEM Error (%) Experiment FEM Error (%) 
Fm (kN) 440.8 447.8 1.59 458.4 468.2 2.14 
ti (ms) 27.70 26.40 -4.69 36.80 36.00 -2.17 
δr (mm) 87.2 93.3 7.00 101.7 107.2 5.41 
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Figure 7-7: Comparison of simulated and experimental impact force-time histories for test 
DZF31 
7.3 Comparative Study  
The numerically validated model of the CFST columns subjected to lateral impact loading, as 
described in Section 7.2, and the CFDST columns subjected to lateral impact loading, as 
described in Chapter 5, were used as the basis for conducting the comparative study. To 
perform the study, the CFST and CFDST columns’ characteristics were selected so that both 
columns had approximately the same material cost and then their lateral impact performances 
were compared in terms of the key response parameters. The following subsections provide the 
characteristics of the selected CFST and CFDST columns as well as the axial and impact 
loadings, specify the considered key response parameters, present the results of the 
comparative study and discuss the results.  
7.3.1 Selected columns and loading characteristics and key response parameters 
The selected CFDST column had the same characteristics as the reference column selected for 
the parametric study, as described in Section 6.2 of this thesis. The CFST column’s 
characteristics were derived from the selected CFDST column’s characteristics in such a way 
that they use approximately the same amount of material resulting in sections with similar 
material costs. Table 7-4 and Table 7-5 contain the geometrical and material characteristics of 
the selected columns, respectively. Considering the current average price of N25 concrete in 
Australia as $230/m3 (Eurekaconcrete, 2015) and the current average price of steel tubes 
(fy=250 MPa) in Australia as $20.50/kg (Scottmetals, 2015), the material costs for construction 
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of the selected CFDST and the CFST columns are $1500 and $1499, respectively.  Moreover, 
the CFDST and CFST columns had the axial capacities of 1069kN and 1050kN respectively.  
It was assumed that the columns with circular sections were simply supported at both ends and 
impacted at the mid-span by a 200 kg striker. The steel impact head of the striker had the same 
geometrical shape and dimensions as described in Section 3.7.1.4. The initial impact velocity 
was assumed to be 7 m/sec. The axial pre-loading was taken as 321 kN which was 
approximately 30% of the CFDST and CFST columns’ axial capacity.  
Table 7-4: Key geometrical characteristics of CFDST and CFST columns selected for 
comparative study 
Parameter Value 
Column type  CFDST CFST 
Specimen’s length-L (m) 3 3 
Outside diameter of outer tube-Do (mm) 165.1 163.1 
Wall thickness of outer tube-to (mm) 5.4 6.25 
Outside diameter of inner tube-Di (mm) 33.7 - 
Wall thickness of inner tube-ti (mm) 4 - 
Volume of steel used (m3) 0.0092 0.0092 
Volume of concrete used (m3) 0.0534 0.0534 
Table 7-5: Key material characteristics of CFDST and CFST columns selected for 
comparative study 
Parameter Value 
Column type CFDST CFST 
Unconfined compressive strength of concrete, f’c (MPa) 25 25 
Density of concrete, ρc (kg/m3) 2350 2350 
Maximum aggregate size, MAS (mm) 10 10 
Yield strength of outer steel tube, fyo (Mpa) 250 250 
Young’s modulus of outer steel tube, Eo, (GPa) 200 200 
Ultimate strength of outer steel tube, fuo (Mpa) 320 320 
Poisson’s ratio of outer steel tube, νo 0.3 0.3 
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Nine key response parameters were considered for conducting the comparative study, which 
were the initial peak impact force (Fm), impact duration (ti), initial peak total reaction force in 
tension (Rmt), initial peak total reaction force in compression (Rmc), total reaction force duration 
(tr), maximum deflection (δm), residual deflection (δr), length of local buckling (Lb) and depth 
of local buckling (Db) of the columns.   
7.3.2 Analysis results 
Figure 7-8 and Figure 7-9 compare the initial peak impact forces and the impact durations, 
respectively, of the CFST and CFDST columns. As seen from these figures, employing the 
CFDST column as an alternative to the CFST column leads to an 11.3% reduction in the initial 
peak impact force and a 13.4% prolongation in the impact duration. These suggest that under 
the same loading conditions (i.e., the same impact mass, impact velocity, impact location, 
initial impact contact area and axial load level), the strike of the impactor to the CFDST column 
generates a lower peak impact (or contact) force which is applied at lower rate compared to 
when the impactor strikes the equivalent CFST column. This potentially results in less damage 
and a more ductile response of the CFDST column. It should be noted that under high loading 
rates, structural materials tend to behave in a more brittle manner (Blake, 1985; Song, Casem, 
& Kimberley, 2013; Suryanarayana, 2011). 
Failure strain of outer tube, εfo 0.35 0.35 
Outer steel tube density, ρso (kg/m3) 7850 7850 
Yield strength of inner steel tube, fyi (MPa) 250 - 
Young’s modulus of inner steel tube, Ei, (GPa) 200 - 
Ultimate strength of inner steel tube, fui (MPa) 320 - 
Poisson’s ratio of inner steel tube, νi 0.3 - 
Failure strain of inner tube, εfi 0.35 - 
Inner steel tube density, ρsi (kg/m3) 7850 - 
Amount of steel used (kg) 72.6 72.5 
Amount of concrete used (kg) 125.5 125.6 
Total mass of column, m (kg) 198.1 198.1 
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Figure 7-8: Comparison between CFST and CFDST columns in terms of initial peak impact force 
Figure 7-9: Comparison between CFST and CFDST columns in terms of impact duration 
Figure 7-10, Figure 7-11 and Figure 7-12 present the initial peak tensile reaction force, initial 
peak compressive reaction force and reaction force duration, respectively, of the CFST and 
CFDST columns under same lateral impact loading.  As observed from these figures, the use 
of the CFDST column as an alternative to the CFST column leads to a reduction of 10.7% and 
7.9% and an increase of 12.4% in the initial peak tensile reaction force, initial peak compressive 
reaction force and reaction force duration, respectively. These imply that under the same 
loading conditions, the strikes of the impactor to the CFDST column generates a lower reaction 
force, both in tension and compression, applied at lower rate compared to the equivalent CFST 
column.  
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Additinally, Figure 7-13 and Figure 7-14 compare the maximim and residual global 
deflections, respectively, of the CFST and CFDST columns under same lateral impact loading. 
As seen from these figures, the use of CFDST column as an alterntaive to CFST column resullts 
in 2.7% and 4.1% reductions in the maximum and residual global deflections, respectively.  
Figure 7-10: Comparison between CFST and CFDST columns in terms of initial peak 
reaction force in tension 
Figure 7-11: Comparison between CFST and CFDST columns in terms of initial peak 
reaction force in compression 
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Figure 7-12: Comparison between CFST and CFDST columns in terms of reaction force duration 
Figure 7-13: Comparison between CFST and CFDST columns in terms of maximum deflection 
Figure 7-14: Comparison between CFST and CFDST columns in terms of residual deflection 
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Figure 7-15 and Figure 7-16 show the length and depth of the local buckling, respectively, in 
the CFST and CFDST columns. As seen from these figures, under the specified loading 
conditions, the length and depth of the local buckling are nearly the same in the CFDST and 
CFST columns. 
Figure 7-15: Comparison between CFST and CFDST columns in terms of length of local 
buckling 
Figure 7-16: Comparison between CFST and CFDST columns in terms of depth of local 
buckling 
7.4 Concluding Remarks 
This chapter presented the results of a comparative analysis conducted to examine the 
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performance of the CFDST column and its equivalent CFST column under similar lateral 
impact loading. The study was carried out by initially developing a finite element model of the 
CFST column under lateral impact and validating it by comparing the results of finite element 
analysis with experimental results available in the literature. Subsequently, the verified finite 
element model of CFST column under impact loading along with the validated finite element 
model of CFDST column subjected to lateral impact loading, as presented in Chapter 5, were 
employed as the basis for conducting the comparative study. The selected CFDST column had 
the same characteristics as the reference column selected for the parametric study, as described 
in Section 6.2 of this thesis. The CFST column’s characteristics were derived from the selected 
CFDST column’s characteristics in such a way that they use approximately the same amount 
of material resulting in sections with nearly the same material costs and having nearly the same 
axial load capacities. The performances of the two columns was compared based on nine 
identified key response parameters which were the initial peak impact force, impact duration, 
initial peak total reaction force in tension, initial peak total reaction force in compression, total 
reaction force duration, maximum deflection, residual deflection, length of local buckling and 
depth of local buckling of the columns.  From the results of this comparative study, under the 
specified conditions, the following conclusions may be drawn: 
1. Employing the CFDST column as an alternative to the CFST column leads to a 
reasonable reduction (i.e., 11.3% in this study) in the initial peak impact force and an 
appreciable prolongation (i.e., 13.4% in this study) in the impact duration. These 
suggest that under the same loading conditions, the strike of the impactor to the CFDST 
column generates a lower peak impact (or contact) force which is applied at lower rate 
compared to when the impactor strikes the equivalent CFST column. This potentially 
results in less damage and a more ductile response of the CFDST column.  
2. The use of the CFDST column as an alternative to the CFST column results in a visible 
reduction in the initial peak tensile reaction force and initial peak compressive reaction 
force (i.e., 10.7% in the initial peak tensile reaction force and 7.9% in initial peak 
compressive reaction force in this study) and an appreciable increase (i.e., 12.4% in this 
study) in the reaction force duration. These also imply that under the same loading 
conditions, the strike of the impactor to the CFDST column generates a lower reaction 
force, both in tension and compression, being applied at lower rate as compared to the 
equivalent CFST column. 
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3. Using the CFDST column as an alterntaive to the CFST column leads to an slight 
reduction in the maximum and residual global deflections (i.e., 2.7% in maximum 
deflection and 4.1% in residual deflection).  
4. Under the identical loading conditions, the length and depth of the local buckling are 
nearly the same in the studied CFDST and CFST columns. 
Overall, it is evident from this comparative study that CFDST columns which have superior 
characteristics in terms of bending and cyclic performance, fire resistance and provision of 
central cavity to house service items compared to the equivalent CFST columns, also have 
better lateral impact performance. 
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Chapter 8: Conclusions 
 
8.1 Summary of Research  
This thesis presented the results of an extensive investigation carried out on the response of 
axially pre-loaded concrete-filled double skin tube (CFDST) columns subjected to lateral 
impact loading by conducting laboratory tests as well as through extensive numerical 
simulations using a validated advanced finite element model. 
An experimental method was developed employing an innovative instrumented horizontal 
impact testing system (HITS) to test the columns under a combination of static axial load and 
dynamic lateral impact and to collect key data required for evaluation of the failure mechanism 
and key response parameters of the CFDST columns. The compact, repeatable, efficient and 
cost-effective HITS made use of a pneumatic striker with the capability of propelling an impact 
mass of up to 325 kg at a maximum velocity of 8 m/sec to apply lateral impact load. The HITS 
utilised an axial loading frame which was capable of maintaining the applied axial load 
reasonably constant by using a combination of self-reacting disc-springs and tension-rods. 
Eight test specimens were designed to comply with the scope of this study, satisfy the 
experimental constraints and allow the columns to reach a plastic phase while maintaining 
stable response under combined axial and lateral impact loads. The specimens were fabricated 
from compact cold-formed mild steel CHSs filled with normal-density concrete of standard 
strength. Standard static material testings were performed to determine the actual properties of 
steel and concrete used in constructing the CFDST specimens so that numerical analysis can 
be comprehensively calibrated and compared. 
Eight full scale impact tests were conducted on the axially pre-loaded CFDST specimens where 
the key variables were axial load level and impact location. The specimens were simply 
supported and impacted by a rigid curved-headed indenter where the impact mass was 262 kg 
and average initial impact velocity was 7.8 m/sec. The kinematics of the impacting body and 
dynamic response of the CFDST columns were measured using a number of instrumentation 
methods and recorded using high-speed data acquisition system. The impact process was also 
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captured by high-speed video recording. The time histories of impact force, reaction forces, 
global lateral deflection, and permanent local buckling profile were recorded. Results were 
used to analyse the failure mode, peak impact force, impact duration, peak reaction forces, 
reaction force duration, column maximum and residual global deflections and column local 
buckling length and depth under varying conditions. An investigation was carried out after 
impact tests to examine the failure mode of individual components of CFDSTs (i.e., inner steel 
tube, outer steel tube, and concrete). Additionally, tests were conducted on the undamaged 
specimens and the damaged specimens to examine their dynamic characteristics before and 
after impact, respectively. 
A finite element model was developed to simulate the lateral impact tests conducted on axially 
pre-loaded CFDST columns using explicit dynamic non-linear finite element code, LS-DYNA 
(version 971). The model was validated against the experimental results. The validated 
numerical model was then used as a viable tool to expand the investigation into the lateral 
impact behaviour of CFDST columns through a comprehensive parametric study. 
The parametric sensitivity analysis was performed to develop an in-depth understanding of the 
effects of various load-related and structure-related parameters on the response of axially pre-
loaded CFDST columns subjected to lateral impact. Moreover, a comparative analysis was 
conducted using the validated model to compare the performance of the CFDST column with 
that of its equivalent concrete-filled steel tube (CFST) column under similar lateral impact 
loading. 
This chapter presents the main findings and contributions of this research. It also provides 
recommendations for future work. 
8.2 Findings and Conclusions 
Extensive insight into the behaviour of axially pre-loaded concrete-filled double skin tube 
(CFDST) columns subjected to lateral impact has been gained through the experimental testing 
and application of finite element modelling techniques. The main findings of this research are 
categorised as follows: 
 
 
 
Chapter 8: Conclusions                                                                                                          253 
 
a. Structural behaviour of CFDST 
x The impact process can be divided into two main stages of contact and separation. 
The contact stage is from the initial contact between the column and the impactor 
to the time the column reaches its maximum deflection. Subsequently, the impactor 
and the column rebound. However, the impactor starts to rebound at a faster 
velocity than the column, the bending stiffness of which slows down the rebound. 
The difference in the rebounding velocities between the column and the impactor 
reduces the contact area between them. The separation stage starts as soon as the 
column and impactor rebound and continue until the impactor and column lose 
contact, completely. 
x Under lateral impact, CFDST columns undergo both global and local buckling. It 
was observed that concrete dented at the impact point where the column local 
buckling occurred. Also, concrete cracks formed around the impact zones at the 
impact side and its counterpoint (i.e., non-impact side). The integrity of concrete 
in other areas was fairly good due to an effective confinement provided by outer 
and inner steel tubes. No sign of local buckling was observed in the inner steel tube. 
x The impact force-time history consists of four phases: initial peak phase, vibration 
phase, plateau phase, and unloading phase.  
x The reaction force changes direction throughout an impact event. When the impact 
force wave associated with the initial peak phase reaches the supports, the reaction 
force sharply increases to a peak value (i.e., initial peak tensile reaction force). As 
soon as the impact force wave associated with the vibration phase arrives, the 
reaction force changes its direction and reaches another peak value in the opposite 
direction (i.e., initial peak compressive reaction force). After this phase, the 
reaction force reaches a plateau followed by a gradual decrease until it approaches 
zero.  
x With increase in the axial loading, maximum and residual deflections increase and 
local buckling becomes more developed in the specimens. The axial load causes a 
reduction in the initial peak tensile reaction force as well as total reaction force 
duration, while it leads to an increase in the initial peak compressive reaction force. 
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x Shifting the impact location from mid-span towards a support reduces the 
deflection, length and depth of the local buckling, peak reaction force as well as 
the total reaction force duration. 
x The main natural frequencies of the undamaged specimen increase with increase in 
the axial loading. This indicates that an increase in the axial pre-loading results in 
an increase in the pre-impact stiffness of the specimens. The damaged specimens 
have lower frequencies which indicate some loss of stiffness after impact. 
b. Numerical analysis 
x Good correlation was found between the results of the finite element analysis and 
the impact tests in terms of the velocity-time history of carriage, impact force-time 
history, total reaction force-time history, global displacement-time history and 
axial force-time history of CFDST columns and columns global and local buckling 
shape at the end of impact event. This showed that the finite element model 
adequately simulates the lateral impact behaviour of the axially pre-loaded CFDST 
columns and can be used as a viable alternative to experimental testing in the 
analysis and design of CFDST columns. 
c. Sensitivity to structure and load-related parameters 
The parametric sensitivity analysis provided the following observations:  
x The initial peak impact force is most sensitive to variation of initial impact velocity 
followed by the ratio of diameter of the impact head to the column length among 
the load-related parameters and outer tube diameter-to-thickness ratio followed by 
concrete compressive strength and hollowness ratio among the structure-related 
parameters. The use of CFDST column with a square cross-section as opposed to 
a circular one appreciably increases the initial peak force. Providing the rotational 
restraints at the columns ends moderately increases the initial peak impact force. 
x The impact duration exhibits high sensitivity to changes in impact location and the 
ratio of mass of impactor to mass of columns, axial load level (when n<0.3) and 
initial impact velocity among the load-related parameters, and outer tube diameter-
to-thickness ratio and slenderness ratio among the structure-related parameters. 
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The use of CFDST column with a square cross-section as opposed to a circular one 
moderately reduces the impact duration. Providing the rotational restraints at 
column ends noticeably shortens the impact duration. 
x Among the load-related parameters, the initial peak tensile reaction force exhibits 
high sensitivity with respect to the changes in impact location, initial impact 
velocity and axial load level (when n<0.3). Moreover, among the structure-related 
parameters, the initial peak tensile reaction force shows high sensitivity with 
respect to the changes in outer tube diameter-to-thickness ratio followed by 
slenderness ratio and hollowness ratio (when χ≥0.22). Changing the column 
sectional shape from circular to square significantly reduces the initial peak tensile 
reaction force. Providing the rotational restraints at the column ends substantially 
increases the initial peak tensile reaction force.  
x Among the load-related parameters, the initial peak compressive reaction force is 
the most sensitive to changes in impact location and initial impact velocity. 
Furthermore, among the structure-related parameters, the initial peak compressive 
reaction force is very sensitive to changes in outer tube diameter-to-thickness ratio. 
Changing the column sectional shape from circular to square significantly increases 
the initial peak compressive reaction force. Providing the rotational restraints at the 
column ends substantially increases the initial peak compressive reaction force.  
x The total reaction force duration is the most sensitive to changes in impact location, 
axial load level (when n<0.3), and ratio of mass of impactor to mass of column 
among the load-related parameters, and slenderness ratio and outer tube diameter-
to-thickness ratio among the structure-related parameters. Changing the column 
sectional shape from circular to square greatly shortens the total reaction force 
duration. Rotational restraints at the column ends considerably reduces the total 
reaction force duration.  
x The column maximum and residual global deflection are primarily sensitive to 
variation of initial impact velocity, ratio of mass of impactor to mass of column 
and impact location among the load-related parameters and slenderness ratio 
among the structure-related parameters. Changing the column sectional shape from 
circular to square appreciably reduces the maximum deflection. Provision of 
 
 
256                                                                                                          Chapter 8: Conclusions                                                                                                           
 
rotational restraints at the column ends noticeably reduces the maximum global 
deflection of the column.  
x The column’s local buckling length is greatly sensitive to variation of initial impact 
velocity and ratio of diameter of the impact head to the column length among the 
load-related parameters and concrete compressive strength and hollowness ratio 
(when χ ≥ 0.27) among the structure-related parameters. The use of a column with 
square cross-section as compared to the circular one prevented formation of local 
buckling in this study. Rotational restraints at the column ends has a negligible 
effect on the local buckling length. 
x The column’s local buckling depth is highly sensitive to variation of initial impact 
velocity, impact location and ratio of diameter of the impact head to the column 
length among load-related parameters and concrete compressive strength, outer 
tube diameter-to-thickness ratio and hollowness ratio (when χ ≥ 0.27) among the 
structure-related parameters. The use of a column with square cross-section 
compared to the circular one prevented formation of local buckling in this study. 
Providing the rotational restraints at the column ends moderately reduces the depth 
of the local buckling. 
x In general and for a credible impact event, the most important load-related 
parameters that influence the impact response of a CFDST column include the 
initial impact velocity, impact location and ratio of impactor mass to the column 
mass. The most significant structure-related parameters are the outer tube diameter-
to-thickness ratio, slenderness ratio and hollowness ratio.  
d. CFDST versus CFST 
From the comparative analysis conducted on CFDST and CFST columns when both column 
types have the same amount of material resulting in section with nearly identical material 
cost, the following conclusions were made: 
x Under the same loading conditions, the strike of an impactor on the CFDST column 
generates a lower force being applied at a lower rate as compared to the equivalent 
CFST column which potentially results in less damage and more ductile response 
of the CFDST column. 
 
 
Chapter 8: Conclusions                                                                                                          257 
 
x Under the same loading conditions, the strike of an impactor on the CFDST column 
generates lower reaction force, both in tension and compression, applied at lower 
rate compared to the equivalent CFST column. 
x Employing the CFDST column as an alternative to the CFST column leads to a 
slight reduction in the global maximum and residual deflections.  
x Under the identical loading conditions, the length and depth of the local buckling 
are nearly the same in the CFDST and its equivalent CFST columns. 
x Overall, the CFDST column has better lateral impact performance compared to the 
equivalent the CFST column. 
e. Experimental procedure 
x The horizontal pneumatic striker can be used to effectively apply dynamic lateral 
impact load on columns. Introduction of a set of self-reacting disc-springs along 
with parallel tension-rods into the axial loading frame helps to effectively mitigate 
the possible axial load loss. 
x Velocity proximeter, proximity sensor with encoder rail and accelerometers can be 
used to determine the carriage velocity during impact. The use of three different 
devices provides for triangulation of the results, confidence in the results, and 
reducing the risk of data loss. The carriage acceleration obtained from 
accelerometers along with known impact mass can be used to determine the impact 
force based upon the relative rigidity of the impact head in comparison with the 
columns. In impact tests, compression-tension load cells should be used as the 
reaction force changes its direction during impact. Laser displacement sensors 
located at different locations along the column can be used to measure the column’s 
global deflection and provide an indication of the column curvature during an 
impact experiment. A high-speed camera can assist to closely monitor the 
behaviour of the column at the impact zone. 
8.3 Major Contributions  
Major contributions of this research work are summarized as follows: 
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(i) A new experimental method, which employed an innovative compact, repeatable and 
cost-effective horizontal impact testing system, and reliable instrumentation and data 
acquisition system, has been developed and applied in this research. 
(ii) Valuable knowledge on the behaviour of axially pre-loaded columns subjected to lateral 
impact was obtained by conducting experimental testings. The results (including impact 
carriage velocity-time history, impact force-time history, total reaction force-time 
history, column global deflection-time history, column permanent local buckling 
profile and the response time lag) can greatly help designers to gain insight into 
dynamic response of CFDST columns under impulsive loadings.  
(iii) An advanced finite element model simulating the behaviour of CFDST columns under 
lateral impact loading was developed and validated against the experimental results. 
The model proved to be applicable as a viable tool in analysis and design of such 
columns subjected to lateral impact loading. 
(iv) New information on the influence of significant structure-related and load-related 
variables on the key response parameters of CFDST columns were obtained and key 
controlling parameters were identified by conducting a systematic parametric 
sensitivity analysis. These findings generated an extensive database on the behaviour 
of CFDST columns under lateral impact which provides the basis for development of 
equations and simple methods of analysis so that complicated numerical analysis may 
be dispensed within practical design procedure.  
(v) New information generated on the difference in impact behaviour of CFDST column 
and its equivalent CFST column that can help designers to choose an appropriate 
column type to adequately withstand a credible lateral impact. 
8.4 Recommendation for Future Work 
This thesis presents some opportunities for further research including the following: 
x This research focused on the lateral impact response of CFDST columns which are 
classified as slender (i.e., columns which have the slenderness ratio of more than 22). 
It can be extended to investigate the lateral impact response and failure mechanism of 
short CFDST columns (i.e., columns which have the slenderness ratio of less than or 
equal to 22) subjected to lateral impact. 
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x The study considered only the effect of concentric axial load on the lateral impact 
response of CFDST columns. However, in a real life situations, many columns are 
subjected to eccentric loads (or a combination of axial load and bending) due to 
misalignments, initial imperfections, movement of joints or support settlements. 
Therefore, the study can be furthered by incorporating the influence of eccentric axial 
load. The impact testing system can be improved to allow for application of eccentric 
load on specimens. The developed finite element model of CFDST columns subjected 
to lateral impact loading can also be enhanced to include such effect. 
x This research focused only on lateral impact performance of CFDST columns 
fabricated from compact mild steel hollow sections and filled by normal-density 
concrete with standard compressive strength which commonly used in industry. It is 
recommended to conduct a study to examine the impact response of CFDST columns 
when stainless steel hollow sections are used as inner and outer tubes or annulus 
between the tubes, filled with high strength concrete. It is also necessary to investigate 
the effect of using non-compact sections on the impact behaviour of CFDST columns. 
x The experimental and numerical study can be furthered to investigate the lateral impact 
response of offshore platform legs and bridge piers over water-crossing where 
hydrodynamic loads are also present.   
x A series of successive impacts (i.e., repeated impacts) can be expected in situations 
such as train collision due to the significant momentum of passenger compartments. 
Investigation on consequences of such loading will be worthwhile to determine the 
failure mechanism and response of CFDST columns and to expand the design 
guidelines. 
x It may be possible to model this composite column by an equivalent homogeneous 
column. This might facilitate static analysis, but dynamic impact analysis could pose a 
challenge, which could be addressed in a separate research project. 
x Extensive parametric sensitivity analysis conducted in this research provides an 
opportunity to develop a simplified theoretical model using non-linear regression 
analysis.  
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Appendix I  
 
(a) Strong floor plan view 
(b) Typical strong floor section view 
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(c) Combined loading interaction diagrams for the bolts used at tie-down points  
Figure I-1: Banyo Pilot Plant Precinct strong floor plan and details 
 
 
